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Abs t r ac t :  

The importance of i r o n  s u l f i d e s  i n  d i r e c t  c o a l  l i q u e f a c t i o n  has  been noted  by 
s e v e r a l  i n v e s t i g a t o r s ;  an i n c r e a s e  i n  c o a l  convers ion  and q u a l i t y  of t he  products  
has  been observed i n  t h e i r  s t u d i e s .  I n  o rde r  t o  ga in  a b e t t e r  unders tanding  of the  
r o l e  of i ron  s u l f i d e s  i n  coa l  l i q u e f a c t i o n  we have i n v e s t i g a t e d  " in - s i tu ' '  t h e  
i n t e r a c t i o n  of FeS and Fe S with  a s e r i e s  of  model compounds. I n  o u r  experiments 
10% c a t a l y s t s  by wzight weTe8added t o  t h e  model compounds. 
s tud ied  were d ibenzoth iophene ,  pyrene ,  phenanthrene, 1,4-naphthoquinone, 
phenoth iaz ine ,  and qu ino l ine .  The exper iments  were performed i n  n i t r o g e n  and 
hydrogen atmospheres.  
some of t he  model compounds. The format ion  of  i n t e rmed ia t e  i r o n  ox ides  i n  
1,4-naphthoquinone i n d i c a t e s  a s t r o n g  i n t e r a c t i o n  between t h e  i r o g  on t h e  p y r r h o t i t e  
s u r f a c e  and oxygen. The s u r f a c e  composition of  p y r r h o t i t e  a t  450 C was a l s o  s tud ied  
i n  a UHV r e a c t i o n  chamber and t h e  i n t e r a c t i o n  wi th  H2 ,  0 
us ing  e l e c t r o n  energy l o s s  spec t roscopy.  

The model compounds 

We f i n d  ev idence  of i n t e r a c t i o n  between the  p y r r h o t i t e s  and 

and CO was i n v e s t i g a t e d  
2 

I. I N T R O D U C T I O N  

Di rec t  coa l  l i q u e f a c t i o n  i s  a process  t h a t  has  been known f o r  a number o f  
yea r s .  The l i q u e f a c t i o n  of c o a l  is a complex process  invo lv ing  a c l o s e  i n t e r a c t i o n  
between c o a l ,  hydrogen-donor s o l v e n t ,  and c a t a l y s t s .  The r o l e  of minera l  m a t t e r  and 
p a r t i c u l a r l y  i r o n  s u l f i d e s  i n  c o a l  l i q u e f a c t i o n  has  been t h e  s u b j e c t  of s e v e r a l  
i n v e s t i g a t i o n s  (1-3).  
convers ion  i n  t h e  presence  of minera l  ma t t e r  ( 2 ) .  Recycl ing  t h e  minera l  ma t t e r  
tends  t o  inc rease  t h e  r e a c t i o n  r a t e  and enhance the  convers ion  of py r id ine - so lub le s  
t o  benzene s o l u b l e s  (4 ) .  The a d d i t i o n  o r  presence  of p y r i t e  enhances t h e  product ion  
of l i q u i d  products  from coa l  ( 5 ) .  The s p e c i f i c  e f f e c t  of each minera l  has  n o t  been 
we l l  e s t a b l i s h e d  ( 6 )  because some of t h e  minera ls  occur  i n  very  smal l  amounts. Some 
of t he  c l a y  minera ls  may have on ly  a s imple  phys ica l  e f f e c t  (6 ) .  
exper imenta l  r e s u l t s  sugges t  t h e  i r o n  s u l f i d e s  a s  t h e  most a c t i v e l y  involved 
minera ls  i n  coa l  l i q u e f a c t i o n .  

Mukherjee and Chowdbury observed an i n c r e a s e  i n  coa l  

A l l  t h e  

It  has  been observed t h a t  t he  convers ion  t o  l i q u i d  products  f o r  f o u r  d i f f e r e n t  
c o a l s  c o r r e l a t e s  wi th  t h e  s to i ch iomet ry  of t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  
(7) .  
on a n  ILL#6 coa l  and observed a n  enhancement i n  convers ion  t o  benzene s o l u b l e s  with 
the  a d d i t i o n  of p y r r h o t i t e  and H S. Mossbauer s t u d i e s  (9 , lO)  of t h e  i r o n  s u l f i d e s  
i n  c o a l  i n d i c a t e  the  e x i s t e n c e  01 an i n t e r a c t i o n  between coa l  components and t h e  
p y r r h o t i t e s  a t  h igh  tempera tures .  These experiments sugges t  an  a c t i v e  r o l e  o f  the  
p y r r h o t i t e s  i n  coa l  l i q u e f a c t i o n .  However, s t i l l  many q u e s t i o n s  remain unanswered 
concerning the  c a t a l y t i c  r o l e s  of H S and Fe S. Lambert p o i n t s  ou t  t h a t  t h e  
c a t a l y t i c  a c t i v i t y  observed f o r  p y r i t e  is s o i e f y  due to  H S a c t i n g  as a hydrogen 

Stephens e t . a l .  (8) c a r r i e d  ou t  a s e r i e s  of exper iments  wi th  va r ious  a d d i t i v e s  

2 
t r a n s f e r  c a t a l y s t  ( I  I ) .  2 

More r e sea rch  is needed i n  o rde r  t o  c l e a r l y  d i s t i n g u i s h  between t h e  r o l e  of H S 
and the  behavior  of t h e  p y r r h o t i t e s  du r ing  c o a l  l i q u e f a c t i o n .  I n  a complex m a t e r i a l  2 
such a s  c o a l ,  i t  is d i f f i c u l t  t o  i d e n t i f y  the  r o l e s  of v a s t l y  d i f f e r i n g  o rgan ic  
f u n c t i o n a l  groups and t h e i r  i n t e r a c t i o n  wi th  Fe S and/or  H S. A s imple r  approach 1 -x 2 
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is t h e  s tudy  of model compounds. S e v e r a l  s t u d i e s  have appeared i n  t h e  l i t e r a t u r e  on 
t h e  e f f e c t  o f  p y r i t e  and p y r r h o t i t e  on model compounds. Guin e t . a l . ( l Z )  s tud ied  the 
hydrogenolys is  of benzothiophene i n  t h e  presence  of  p y r i t e .  The main product  was 
2,3-dihydrobenzothiophene. When p y r i t e  was used ,  t he  s e l e c t i v i t y  was s h i f t e d  toward 
e t h  lbenzene. P y r i t e  seems t o  c a t a l y z e  t h e  hydrogenat ion  of pyrene t o  dihydropyrene 
(137. Bockrath and Schroeder (14 )  observed t h a t  when p y r r h o t i t e  is hea ted  i n  
t e t r a l i n ,  only dehydrogenat ion  is ca t a lyzed .  We r e p o r t  i n  t h e  p r e s e n t  work 

2 
The behavior of t h e  s u l f i d e  s u r f a c e s  is a l s o  s t u d i e d  us ing  e l e c t r o n  energy l o s s  
spec t roscopy.  I n  a d d i t i o n ,  t h e  changes t a k i n g  p l ace  on t h e  s u r f a c e s  du r ing  
r e a c t i o n s  wi th  s imple  gases  a r e  i n v e s t i g a t e d  us ing  t h i s  technique .  

I, . i n - s i t u "  Mossbauer measurements of FeS and Fe7Sg i n  s i x  d i f f e r e n t  model compounds. __- 

Experimental  

The " in - s i tu"  Mossbauer measurements were c a r r i e d  o u t  u s ing  t h e  r e a c t o r  shown 
i n  F igu re  1 .  A more d e t a i l e d  d e s c r i p t i o n  of t h i s  r e a c t o r  can be found i n  Reference 
(9).  The FeS and Fe S a d d i t i v e s  used were from n a t u r a l  minera l  samples and were 
c h a r a c t e r i z e d  by x-raJ g i f f r a c t i o n  and Mossbauer spec t roscopy.  I n  the  experiments 
w i th  model compounds, 70% c a t a l y s t  (200 mesh) by weight was added and mixed with 1 
gm of  t h e  model compounds. 
were pyrene, phenanthrene ,  d ibenzoth iophene ,  1,4-naghthoquinone, phenoth iaz ine  and 
q u i n o l i n e .  The exper iments  were c a r r i e d  ou t  a t  440 C i n  a n i t r o g e n  o r  hydrogen 
atmosphere.  T h e  r e a c t i o n  t ime was one hour .  The r e s i d u e s  were measured a t  room' 
tempera ture .  The s to i ch iomet ry  of  t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  was 
determined us ing  t h e  method desc r ibed  i n  r e fe rences  (7,151. Data a c q u i s i t i o n  and 
a n a l g i s  were conducted on a microprocessor-based computer. The source  was a 200 
m C i  Co:Rh. All t h e  isomer s h i f t  v a l u e s  a r e  g iven  i n  r e fe rence  t o  a-Fe a t  room 
tempera ture .  The s u r f a c e  p r o p e r t i e s  of FeS and Fe7S8 we s tud ied  us ing  Auger and 
e l e c t r o n  energy l o s s  spec t roscopy.  
a spec ia l ly-des igned  h igh  p r e s s u r e  r e a c t o r .  I n  t h i s  r e a c t o r  t he  samples were 
exposed t o  va r ious  gases  (CO, H2, 0 2 )  and h igh  tempera tures .  

2 

The model compounds s tud ied  us ing  Mossbauer spec t roscopy 

The samples were mounted i n  a n  UHV chamber wi th  

11. EXPERIMENTAL RESULTS AND DISCUSSION 

Mossbauer Heasurements 

The m o s t  impor tan t  Mossbauer parameters  i n  t h e  s tudy  of the  t r ans fo rma t ions  and 
i n t e r a c t i o n s  of i r o n  s u l f i d e s  i n  c o a l  a r e  t h e  isomer s h i f t ,  the  magnetic hyper f ine  
and quadrupole s p l i t t i n g s .  The isomer s h i f t  ( IS)  r e s u l t s  from t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n  of  t h e  nuc lea r  and e l e c t r o n  charge  d i s t r i b u t i o n s  i n s i d e  the  nuc lea r  
r eg ion .  T h e  observed IS i n  t h e  Mossbauer spectrum is t h e  d i f f e r e n c e  between t h e  
s h i f t s  i n  the  sou rce  and abso rbe r .  The I S  i s  g iven  by t h e  fo l lowing  r e l a t i o n :  

The q u a n t i t y  6R/R is  a n u c l e a r  p rope r ty  and can be es t imated  us ing  we l l  
c h a r a c t e r i z e d  s t anda rds .  
t h e  M'Cssbauer atom o r  ion .  
t o  a-Fe covers  v a l u e s  between -0.78 mm/sec f o r  Fe 
m/sec for  Fe+.  

The IS va lues  r epor t ed  inc lude  t h e  second o rde r  Doppler s h i f t  (SODS). 

The IS  g i v e s  unique informat ion  on the  va lence  s t a t e  of 
The range  of IS va lue8  f"r i r o n  compounds i n  r e fe rence  

l s o l a t e d  i n  n i t r o g e n  t o  +1.9 
(1 mm/sec = 0.48 x 10-7eV f o r  t h e  14.4 keV t r a n s i t i o n  Of 57Fe.) 

The SODS can 
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be e a s i l y  d i s t ingu i shed  by its temperature  dependence. Its c o n t r i b u t i o n  t o  t h e  
p re sen t  work i s  not  l a r g e  enough t o  j u s t i f y  t h e  c o r r e c t i o n  of  t he  measured c e n t r o i d .  

The magnetic hype r f ine  s p l i t t i n g  a r i s e s  from t h e  i n t e r a c t i o n  of the nuc lea r  
d i p o l e  moment with a magnetic f i e l d  due t o  t h e  atom's  own e l e c t r o n s .  The 
Hamiltonian d e s c r i b i n g  t h i s  i n t e r a c t i o n  can be w r i t t e n  as:  

I 
where I is t h e  s p i n  of  the nucleus,  v is the  magnetic moment, MI  t h e  magnetic 
quantum number, and B t h e  magnetic f i e l d  a t  t he  nucleus.  Fo r  a pu re  magnetic 
i n t e r a c t i o n  s i x  t r a n s i t i o n s  a r e  p o s s i b l e  between t h e  14.4 keV l e v e l  ( I=3 /2 )  and t h e  
ground s t a t e  (1=1/2).  
lower magnetic f i e l d  a t  t h e  i r o n  i o n ;  t h i s  f e a t u r e  is used t o  c a l c u l a t e  t he  
s to i ch iomet ry  of t h e  p y r r h o t i t e s  i n  c o a l  l i q u e f a c t i o n  r e s idues .  The atomic 
percentage of i r o n  is c a l c u l a t e d  acco rd ing  t o  (15)  

The presence of vacanc ie s  i n  t h e  p y r r h o t i t e s  r e s u l t s  i n  a 

at .$Fe = 100 x [0.6836 X 10-3X kmhf + 0.28811 

E AiHi 1 = 

Amhf ATota l  i 

(3  

- 
Hmhf = average magnetic hype r f ine  f i e l d  

ATotal = t o t a l  Mossbauer s p e c t r a l  a r e a  

A .  = s p e c t r a l  a r e a  under  i - t h  s i t e  

H .  = mhf on i - t h  s i t e  

The quadrupole s p l i t t i n g  (QS) occur s  when t h e  M.ossbauer i o n  e l e c t r o n s  and/or  

quadrupole  moment. The quadrupole  s p l i t t i n g  for  t h e  
t h e  neighboring atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nucleus and 
when t h e  nucleus posses ses  
e x c i t e d  s t a t e  14.4 keV of 5ifFe is given by 

Qs = 7 e qQ (1 + f ) ' I 2  
2 

1 2  

where 

eq = V z z  = p r i n c i p a l  a x i s  of t h e  f i e l d  g r a d i e n t  t e n s o r  

vxx - VYY 

vzz 
= asymmetry parameter  n - 

Q = quadrupole  moment of t h e  nuc leus  

The combination o f  IS and QS is very u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of mine ra l s  
i n  c o a l .  
c h a r a c t e r i z e d  compounds and t o  compare with t h e  v a l u e s  obtained f o r  t h e  c o a l  
minerals .  

The procedure fol lowed i s  t o  measure t h e s e  parameters  f o r  s t anda rd  we l l  

The above G s s b a u e r  parameters  w i l l  be used t o  s t u d y  t h e  t r ans fo rma t ions  and 
i n v e r s i o n s  of  s e v e r a l  model compounds with FeS2 and Fe S 

7 8' 
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A .  I n t e r a c t i o n  and Decomposition of  FeS2 in t he  Presence_ 
of Model Compounds -- 

Pyrene: 
of  hydrogen. 
c l o s e  t o  ze ro .  
s p l i t t i n g  ( Q s )  c lose  t o  the  va lue  observed f o r  pure p y r i t e .  The spectrum Of the  
r e s idue  shows t h e  presence  of a p y r r h o t i t e  wi th  a s to i ch iomet ry  c l o s e  to t h a t  
observed f o r  Fe7S8, about  46% of t h e  o r i g i n a l  p y r i t e  remains unreac ted .  
convers ion  of p y r i t e  t o  p y r r h o t i t e  i s  l a r g e r  than the  one obta ined  i n  the  absence of 
pyrene. 
complete. 
0.35 mm/sec, t h i s  va lue  i s  s m a l l e r  t hen  t h s  une obta ined  f o r  t h e  pure  p y r r h o t i t e s  i n  
t h e  absence of py ren i  (Table I ) .  
between t h e  p y r r h o t i t e  and t h e  gases  p re sen t  i n  the  r e a c t o r .  I t  is poss ib l e  t h a t  
what w e  observed i n  t h i s  experiment is an in t e rmed ia t e  s t a t e  of the i r o n  on t h e  
p y r r h o t i t e ,  p robably  i n t e r a c t i n g  wi th  molecular  hydrogen and pyrene. The hexagonal 
p y r r h o t i t e  ob ta ined  a f t e r  the  r e a c t i o n  i s  very  s i m i l a r  t o  the  one observed i n  
r e s i d u e s  from c o a l  l i q u e f a c t i o n .  
t h a t  o f  c o n t r o l l i n g  t h e  H2/H2S r a t d  i n  the  r e a c t o r .  

Phenanthrene: The r e s u l t s  of t h e  Massbauer measurements i n  a n i t rogen  atmosphere 
a r e  very similar t o  those  ob ta ined  f o r  pyrene. There i s  p a r t i a l  convers ion  t o  
Fe l -  Soand the  presence  of  a doub le t  w i th  parameters  c l o s e  t o  those  of p y r i t e  
a t  440 C (no  r e a l  ev idence  of an  i n t e r a c t i o n ) .  By c o n t r a s t  i n  the  presence  o f  
hydrogen, t h e  IS a t  44OoC is t h e  same o f  pure  Fel-xS. 
p y r r h o t i t e  i s  complete (Table  11). 
p y r i t e  i n  t h e  presence  o f  t he  model compound is f a s t e r  than i n  the  absence of 
phenanthrene. 
t h a t  t he  p y r r h o t i t e  does-rfot p l ay  any d i r e c t  r o l e ,  o r  t h a t  t he  in t e rmed ia t e s  
decompose f a s t e r  than  10 

DibenzothiophenE: 
p y r i t e  f u l l y  decomposes t o  Fe 
s to i ch iomet ry  cbose t o  t h a t  oh-$e S8 (Table  11). 
wi th  DBZ a t  440 C ,  a double t  is  oxserved wi th  IS c l o s e  t o  zero  and QS = 0.63 mm/sec 
(F igu re  2 ) .  These va lues  a r e  s i m i l a r  t o  those  of p y r i t e ,  however t h e r e  is no p y r i t e  
l e f t  i n  t h e  r e s i d u e s  (F igu re  3 ) .  In a hydrogen atmosphere the  K'ssbauer spectrum a t  
44OoC i s  very d i f f e r e n t  from t h a t  observed i n  n i t rogen .  A s i n g l e  M'bssbauer l i n e  
wi th  an  IS = 0.36 mm/sec is observed. The r e s i d u e  of t h i s  run  i s  an hexagonal 
p y r r h o t i t e .  The p r e s e n t  r e s u l t s  i n d i c a t e  a r e a c t i o n  wi th  t h e  p y r r h o t i t e .  It i s  
very  probable  t h a t  hydrogenat ion  i s  t h e  major c a t a l y t i c  r o l e  of t he  p y r r h o t i t e s  i n  
t h i s  system. 

Phenoth iaz ine :  There is p a r t i a l  decomposi t ion  of p y r i t e  i n  a n i t rogen  atmosphere,  
however i n  t h i s  case  t h e r e  i s  l e s s  decomposition than  f o r  pyrene o r  phenanthrene. 
Decompositionotakes p l ace  i n  t h e  presence  of hydrogen but  i t  i s  incomplete.  
and QS a t  440 C a r e  c l e a r l y  due to  t h e  un reac ted  p y r i t e  (Table  11). 
measurements do not i n d i c a t e  any k ind  of s t r o n g  r e a c t i o n  f o r  FeS o r  Fe S with  
the  model compounds. I f  any r e a c t i o n  o c c u r s ,  i t  is very weak compared td-$yrene, 
phenanthrene o r  DBZ. 

Q u i n o l i n e :  There is only  p a r t i a l  decomposi t ion  of p y r i t e  t o  p y r r h o t i t e  i n  n i t r o g e n  
o r  hydrogen atmospheres.  
r e s i d u e s  is very c l o s e  t o  Fe S In orde r  t o  o b t a i n  such a s to i ch iomet ry ,  a h igh  
p a r t i a l  p re s su re  of H S must7b8'present i n  t h e  r e a c t o r .  The DGssbauer spectrum a t  
44OoC can be a t t r i b u t e d  t o  FeS2 a lone ;  t h e r e  is a very  small con t r ibu t ion  from the  
p y r r h o t i t e  and no ev idence  of r e a c t i o n .  
t he  p y r r h o t i t e  i n  c a t a l y z i n g  t h e  hydrogenat ion  of q u i n o l i n e  t o  t e t r ahydroqu ino l ine  

P y r i t e  p a r t i a l l y  decomposes i n  t h e  presence  of pyrene even i n  t h e  absence 

The spectrum shows a wel l -def ined  double t  wi th  a quadrupole 
The observed IS a t  44OoC f o r  t h e  sample i n  a n i t rogen  atmosphere i s  

The 

the  t r ans fo rma t ion  of p y r i t e  t o  p y r r h o t i t e  is In  t h e  presence  of H 
A t  44OoC t h e  Msssbguer spectrum shows on ly  a broad s i c g l e t  wi th  an  IS  = 

T h i s  i s  g iven  a s  evidence of an i n t e r a c t i o n  

H S appa ren t ly  does  no t  P lay  any o t h e r  r o l e  but 

The convers ion  of p y r i t e  t o  
We must aga in  emphasize t h a t  the  convers ion  of 

If t h e r e  i s  hydrogenat ion  ( 1 )  of t h e  phenanthrene, i t  is p o s s i b l e  

s e c  ( t h e  l i f e t i m e  of  t he  Mzssbauer l e v e l ) .  

In t h e  presence  of t h i s  compound and i n  a n i t rogen  atmosphere,  
S. The p y r r h o t i t e  formed from t h i s  r e a c t i o n  has  a 

There is evidence of i n t e r a c t i o n  

The IS  
These 

2 

The s to i ch iomet ry  of  t he  p y r r h o t i t e  p re sen t  i n  t h e  

2 

These r e s u l t s  sugges t  no a c t i v e  r o l e  f o r  

1 7 2  



F 
(THQ), Only H2S remains as a p o s s i b l e  c a t a l y s t .  
when d i s c u s s i n g  t h e  i n t e r a c t i o n  with Fe S 

1,4-Naphthoquinone: 
p l ace  i n  a n i t rogen  atmosphere.  
r e s i d u e .  I n  o r d e r  f o r  t h i s  t o  happen t h e  p y r r h o t i t e  formed from the  p a r t i a l  
decomposition of p y r i t e  must r e a c t  w i th  the  oxygen p r e s e n t  i n  t h e  model compound. 
I n  a hydrogen atmosphere t h e  magnet i te  i s  absen t  from the  f i n a l  p roduc t s  and f u l l  
conversion of p y r i t e  t o  p y r r h o t i t e  occurs .  The p r e s e n t  r e s u l t s  i n d i c a t e  a s t r o n g  
a f f i n i t y  of t h e  p y r r h o t i t e  s u r f a c e  towards oxygen, and i n d i c a t e s  t h a t  b reak ing  o f  
oxygen bonds i n  c o a l  is a p o s s i b l e  mechanism by which c o a l  conve r s ion  is enhanced. 

We w i l l  come back t o  t h i s  problem 

7 8’ 

A very  i n t e r e s t i n g  r e s u l t  i s  ob ta ined  when t h e  r e a c t i o n  t a k e s  
It  is observed t h a t  Fe304 i s  p r e s e n t  i n  t h e  

B. I n t e r a c t i o n s  and Transformations of Fe7S3 f” t h e  p_r_e_S_e_n_c_e_ 
of  Model C o 9 t m A .  ( A l l  t h e  experiments  i n  a hydrogen atmosphere.)  

Pyrene: The 
r e s i d u e  shows the  presence of  FeS ( t r o i l i t e )  and Fl-xS w i t h  48.2 a t% Fe (Table  111).  
F igu res  4 and 5 show t h e  Mossbauer s p e c t r a  f o r  t h i s  r u n  a t  44OoC and room 
temperature  r e s p e c t i v e l y .  The presence of  t r o i l i t e  r e q u i r e s  a very low p a r t i a l  
p re s su re  of  H S i n  t h e  r e a c t o r .  Th i s  i s  no t  t o t a l l y  unexpected s i n c e  t h e  amount of  
f r e e  s u l f u r  a $ a i l a b l e  from Fe S is  very l i m i t e d .  There i s  evidence of  a r e a c t i o n  
with the  pyrene,  bu t  t h e  s u l f l d i s  ob ta ined  i n  t h i s  ca se  d i f f e r  markedly from t h o s e  
obtained f o r  FeS2. 
p y r i t e  is  t h e  p recu r so r  of  p y r r h o t i t e .  

Phenanthrene: The N6ssbauer measurements i n  t h i s  c a s e  g i g e  very similar r e s u l t s  t o  
the  ones obtained f o r  pyrene. There i s  a r e a c t i o n  a t  440 C; t h e r e  t r o i l i t e  is 
p r e s e n t  i n  t h e  r e s idues .  These r e s u l t s  c o n t r a s t  w i th  t h e  ones ob ta ined  when p y r i t e  
is added t o  phenanthrene. There is a marked d i f f e r e n c e  between t h e  behavior  o f  t he  
nascen t  p y r r h o t i t e  and Fe7S8. 
probably r e s p o n s i b l e  f o r  such a d i f f e r e n c e .  

- DBZ: There i s  evidence o f  a r e a c t i o n  a t  high temperatures  ( I S  = 0.30 0.06 
mm/sec). The r e s idue  c o n t a i n s  t r o i l i t e .  S ince  DBZ has  s u l f u r ,  t h e r e  must be a 
r e a c t i o n  between H S and t h e  compound i n  o r d e r  t o  e f f e c t i v e l y  reduce t h e  p a r t i a l  
p re s su re  of H S an$ a l l o w  t h e  formation of  FeS. 
involvement 04 H S i n  t h e  r e a c t i o n s .  

Quinoline_: There is some evidence of  a r e a c t i o n  a t  h igh  temperature  (44OoC), t h e  
IS = 0.40 0.07 mm/sec c l o s e  t o  t h a t  of  pure p y r r h o t i t e ,  but  s t i l l  s l i g h t l y  more 
nega t ive .  The r e s i d u e  of t h i s  run  does no t  show any FeS, t h e  p y r r h o t i t e  ob ta ined  
has  48.2 a t . %  i r o n .  We a t t r i b u t e  t h i s  behavior  t o  the  p re sence  of  unreacted H s,  2 o the rwise  FeS can be formed. Th i s  behav io r  is d i f f e r e n t  from t h a t  observed f o r  
p y r i t e ,  aga in  p o i n t i n g  o u t  t he  d i f f e r e n c e  between t h e  nascen t  p y r r h o t i t e  (from 
p y r i t e )  and Fe S 

-- Phenothiazine_: S i m i l a r  r e s u l t s  t o  those  ob ta ined  f o r  q u i n o l i n e ,  b u t  i n  t h i s  ca se  
t h e  a t G n  i n  t h e  r e s i d u e s  is lower (Table  111) .  
evidence of a h i g h e r  p a r t i a l  p r e s s u r e  of H S i n  t h e  r e a c t o r .  Th i s  behavior  
c o n t r a s t s  w i th  t h e  one observed f o r  DBZ. 
however i n  pheno th iaz ine  t h e r e  is a l s o  n i t rogen .  
r e a c t i v i t y  t o  t h e  p y r r h o t i t e  and n i t r o g e n ,  a l though  t h e  p r e s e n t  
evidence i s  i n s u f f i c i e n t  t o  c h a r a c t e r i z e  p y r r h o t i t e  as an HDN c a t a l y s t .  

1,4-Naphthoquinone_: No t r o i l i t e  is observed i n  t h e  r e s i d u e s ;  hexagonal p y r r h o t i t e  
i s  obtained with 48.1 a t .% i r o n .  
FeS 

A s i n g l e  Mossbauer l i n e  is observed a t  44OoC with an IS  = 0.35 mm/sec. 

Th i s  d i f f e r e n c e  may be a t t r i b u t e d  t o  t h e  excess  of H S when 2 

The excess  of  s u l f u r  atoms on t h e  p y r i t e  s u r f a c e  i s  

There i s  evidence of a c t i v e  

2 

7 8’ 

Th i s  l a s t  r e s u l t  is c l e a r  

?n both molecules  s u l f u r  is p r e s e n t ,  
It  is tempting t o  a t t r i b u t e  some 

expe r imen ta l  

R e s u l t s  a r e  ve ry  similar t o  t h e  ones ob ta ined  f o r  

2’ 

In  t h e  p r e s e n t  experiments  we have s t u d i e d  t h e  r e a c t i o n s  of FeS2 and Fe S with 7 8  
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a s e l e c t e d  number of model compounds. 
sugges t  t h a t  one of t he  mechanisms by which p y r r h o t i t e  enhances c o a l  l i q u e f a c t i o n  is 
through i n t e r a c t i o n s  w i t h  oxygen bonds i n  c o a l .  There i s  a l s o  ev idence  from the  
p r e s e n t  exper iments  a s  we l l  as those  r epor t ed  i n  t h e  l i t e r a t u r e  t h a t  t he  p y r r h o t i t e s  
a c t  a s  hydrogenation c a t a l y s t .  
ignored .  
The r eac t ions  wi th  n i t r o g e n  compounds a r e  no t  very  c l e a r  and more work remains to  be 
done i n  t h i s  a r e a  of r e sea rch .  We a r e  of t h e  op in ion  t h a t  hydrodesu l fu r i za t ion  has  
t o  be excluded as one of t h e  r o l e s  of the  p y r r h o t i t e s .  I n  t h e  fo l lowing  paragraph 
we w i l l  d i s c u s s  t h e  behavior  of t he  p y r r h o t i t e  s u r f a c e s  i n t e r a c t i n g  wi th  simple 
gases .  

From t h e  r e s u l t s  of such exper iments  we 

However, t h e  r o l e  of H S cannot be comple te ly  
There is c l e a r  ev idence  of  d i r e c t  involvemen$ of H S i n  t h e  r e a c t i o n s .  2 

E l e c t r o c  Energy LUSV Aeasurements 
__I--- 

Normal inc idence  was used f o r  t h e  EEL measurements. The EEL s p e c t r a  were 
measured i n  t h e  second d e r i v a t i v e  mode f o r  va r ious  primary e l e c t r o n  e n e r g i e s  (50 eV, 
150 eV, 250 eV). A sma l l  modulation was app l i ed  t o  t h e  CMA (vpp=l v o l t )  and used a s  
a r e fe rence  s i g p a l .  
sub jec t ed  t o  A r  ion bombardment f o r  s e v e r a l  c y c l e s  u n t i l  a c l ean  s u r f a c e  was 
ob ta ined .  

The major i m p u r i t i e s  were carbon and oxygen. The samples were 

E lec t ron  energy  l o s s  spec t roscopy i s  s t r o n g l y  s u r f a c e  s e n s i t i v e .  By vary ing  
t h e  e l e c t r o n  primary energy one is a b l e  to  d i s t i n g u i s h  between volume and su r face  
p r o p e r t i e s  (16).  In t e rband  and in t r aband  t r a n s i t i o n s  can be i d e n t i f i e d  wi th  t h i s  
technique .  
spec t roscopy.  I n  t h e  p re sen t  work t h e  major i o n i z a t i o n  l o s s e s  s tud ied  a r e  t h e  M 
and M, of s u l f u r  and i r o n .  

I o n i z a t i o n  l o s s e s  can be e a s i l y  s t u d i e d  us ing  e l e c t r o n  energy  l o s s  
293 

A. EEL Study of  Fe7% A t  High Temperatures and i n  t h e  Presence  
o f  C O ,  O2 and H2 

E f f e c t  of Tem e r a t u r e :  The e f f e c t  of tempera ture  on t h e  EEL spectrum of a ~ - - - -  
s i n g l e  c r y s t a l  of <e S is shown i n  F igu re  G (Ep=150eV). One observes  the  
t ransformat ion  of t h z  f!EL spectrum as t h e  tempera ture  is inc reased ,  a t  32OoC t he re  
is i r o n  enrichment of  the  s u r f a c e .  Th i s  is d e t e c t e d  by the  observed enhancement of 
peak C ( su r face  plasmon 8f  Fe) .  
l e v e l s  of i r o n ) .  A t  450 C t h e  spectrum of t h e  i r o n  s u l f i d e  is d i f f e r e n t  from thz'c' 
observed a t  RT w i th  B peak s h i f t e d  i n  energy from 5.1 t o  6.2 eV. The new i r o n  
s u l f i d e  on t h e  s u r f a c e  has  a d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e  a l though some i r o n  
c h a r a c t e r  is r e t a i n e d .  

The peaks J , K  a r e  due t o  a 3p +3d  t r a n s i t i o n  ( M  

I n t e r a c t i o n 4 w i t h  C O , ~  and-! : The Auger spectrum of Fe Sa a f t e r  r e a c t i o n  
wi th  CO (4 x 10 t o r r )  a t  
oxygen on the  s u r f a c e .  Th i s  oxygen is bonded t o  t h e  i r o n  i n  t h e  p y r r h o t i t e .  This  
i s  c l e a r l y  seen  i n  F igure  8 where the  low energy i r o n  Auger peak shows the  
c h a r a c t e r i s t i c  shape of  t h e  oxide  ( a  s t r o n g  double t  around 50 eV). 
d e t e c t e d  on t h e  s u r f a c e ;  t h e  absence of  carbon can be expla ined  only  by t h e  
format ion  o f  some v o l a t i l e  s p e c i e s  of carbon and s u l f u r  ( l i k e  CS2). 
energy l o s s  spectrum a t  Ep=150eV is  shown i n  F igu re  9. 
e n e r g i e s  a r e  c h a r a c t e r ' s t i c  of  t h e  Fe-0 system. 
exposed t o  O 2  ( 4  x lo-' t o r r ,  45OoC f o r  f i v e  minutes )  i s  shown i n  F igu re  7 1  'One can 
observe  the s t r o n g  s i m i l a r i t i e s  wi th  t h e  spectrum obta ined  f o r  CO exposure.  
F igu re  9 the EEL spectrum f o r  oxygen exposure i s  a l s o  shown. 
s i m i l a r i t y  to  t h a t  of Fe Ss exposed t o  CO.  
sha rpness  a r e  c h a r a c t e r i l t l c  of  i r o n  oxides .  I f  hydrogen i s  used i n s t e a d  of O2 o r  
CO one ob ta ins  t h e  spectrum shown i n  F igu re  9. 
s u l f i d e  where some of t h e  s u l f u r  has  been removed from t h e  su r face .  
c h a r a c t e r  of t he  s u r f a c e  i s  s t i l l  r e t a i n e d  a s  shown by t h e  presence  of t h e  3p +3d 

i g  shown i n  F igu re  7. One ob le rves  t h e  presence  of 

No carbon is 

The e l e c t r o n  
The two s t r o n g  peaks a t  low 

The Auger spectrum f o r  Fe S 

I n  
There is a g r e a t  

The lower J , K  peak p o s i t i o n s  and 

This spectrum i s  t h a t  of an i r o n  
The i r o n  

1 7 4  



t r a n s i t i o n s .  
removed from t h e  s u r f a c e  ( format ion  of H 0) .  The i r o n  s u l f i d e  s u r f a c e  is r e s t o r e d  
but w i th  a s to i ch iomet ry  d i f f e r e n t  from $hat of Fe S8.  
descr ibed  he re ,  a c l e a n  Fe S 
doped on the  s u r f a c e  wi th  Xuafur was als8 s tud ied  us ing  EEL spec t roscopy.  
s i m i l a r  spectrum to  t h a t  ob ta ined  a t  450 C f o r  Fe S8 was measured. 
i n d i c a t e s  a s t r o n g  i r o n  c h a r a c t e r  of t he  p y r r h o t i l e  su r face .  

I f  a combination of C O / H  (1 :1)  is used a t  450°C the  oxygen i s  t o t a l l y  
2 

I n  a l l  t he  exper iments  
7 sample was used a s  a s t a r t i n g  m a t e r i a l .  An i r o n  f o i l  

A very 
Such a r e s u l t  

9. EEL Study of  FeS2 a t  High Temperatures and i n  t h e  Presence 
o f C 0 , S g F L H 2  

A t y p i c a l  energy l o s s  spectrum o f  a p y r i t e  s i n g l e  c r y s t a l  s u r f a c e  is shown i n  
Af t e r  h e a t i n g  t h e  sample t o  220°C one observes  a dramat ic  change Figure  10 ( t o p ) .  

i n  t h e  spectrum. We a t t r i b u t e  t h i s  change t o  t h e  presence  of e lementa l  s u l f u r ,  and 
probably some Fe A t  32OoC the  spectrum of the  s u r f a c e  i s  more s i m i l a r  t o  t h a t  
of Fe S. 
two lk&. 
two i r o n  spec ie s  (Fe 
no Byr i t e  c h a r a c t e r  k e a i n e d .  
450 C from Fe7S8 (Figure  7 ) .  
p y r r h o t i t e  i s  not  Fe S 

S.  
It il-:oted t h a t  the  3p +3d t r a n s i t i o n s  show t h e  presence  of more than  
This  spectrum f o r  t he  J,K t r a n s i t i o n s  can  be produced by t h e  presence  of  

A t  45OoC the  s u r f a c e  i s  t h a t  of p y r r h o t i t e  wi th  S and FeS ). 
Tte  spectrum i s  almost i d e n t i c a l  t o  t h a t  ob ta ined  a t  

We want t o  po in t  ou t  t h a t  t h e  h igh  tempera ture  

7 8' 

The behavior  of  p y r i t e  a t  45OoC i n  the  presence  of CO and 0 c o n t r a s t s  markedly 
wi th  t h a t  of Fe S8 ( see  F igu res  10 and 11). 
EEL s p e c t r a  be tJeen  the  two samples i s  r e l a t e d  to  the  excess  of  e lementa l  s u l f u r  
present  on the  p y r i t e  s u r f a c e  a t  45OoC. 
i r o n  i n  the  p y r r h o t i t e  t o  r e a c t  wi th  CO o r  oxygen. 
O f  CO o r  0 a sma l l  change is observed i n  t h e  EEL spectrum, probably  due to  the  
removal of the  s u l f u r  from the  s u r f a c e .  
t h e  r e a c t o r ,  an EEL spectrum very s i m i l a r  t o  t h a t  observed f o r  Fe S is obta ined .  
In  thi 's  case  e l emen ta l  s u l f u r  i s  removed from t h e  s u r f a c e  and the7sg r face  behaves a s  
t h a t  of a pure p y r r h o t i t e .  

We b e l i e v e  t h a t  t h i g  d i f f e r e n c e  i n  t h e  

This  excess  of s u l f u r  does not  permit t h e  
I f  H 2  is used a s  a gas  i n s t e a d  

2 
I f  a combination of 8 / H 2  ( 1 : l )  is used i n  

I n  conclus ion  w e  f i n d  t h a t  t h e  major d i f f e r e n c e  i n  t h e  behavior  of t he  
p y r r h o t i t e  and p y r i t e  s u r f a c e s  a t  h igh  tempera ture  i s  due t o  t h e  presence  of an  
excess  of s u l f u r  on t h e  l a t te r .  We a l s o  observe  t h a t  t h e  p y r r h o t i t e  s u r f a c e  has  a 
s t r o n g  i r o n  c h a r a c t e r  and g r e a t  a f f i n i t y  t o  oxygen. Although t h e  p re sen t  s tudy  is 
only  on very  s imple  g a s e s ,  t hese  gases  a r e  p r e s e n t  i n  t h e  r e a c t o r  du r ing  d i r e c t  c o a l  
l i q u e f a c t i o n .  
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?able : 

ISO!*L S!,:FT AT c10 oc 

0.3 : 0.05 

0.1: 5 0.05 

o.:> 5 0.05 

C.:! i 0.05 

0 . 5 0  ? 0.03 

c . 5 1  0 . 0 5  

TAaLE XI1 

Compositions of the res i lues  Obtained 

from Fe7S8 + H2 + model campounds 

TAOLE I I  

M b s s  bauer Paranic ters 
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FIGURE 1 Reactor  f o r  Mossbauer " in - s i tu ' '  measurements. 
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FIGURE 2 M'tssbauer s p e c t r a  a t  RT f o r  a mixture  of FeS2 and DBZ. 
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hydrogen atmosphere. 
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reaction with CO an$ 02. 
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IRON-BASED CATALYSTS, H2S AND LIQUEFACTIOV 

V i r g i l  I .  Stenberg, K. Tanabe, T. Ogawa, P. Sweeny and R. Hei  

U n i v e r s i t y  o f  N o r t h  Dakota, Grand Forks, Nor th  Dakota 58202 

INTRODUCTION 
One o f  t he  most p romis ing  advances o f  t h e  pas t  50 yea rs  o f  coa l  l i q u e f a c t i o n  

c a t a l y s i s  i s  l e a r n i n g  o f  t h e  i r o n  and s u l f u r  synergism. Now w i t h  t h e  promot ional  
e f fec ts  of h drogen s u l f i d k  demonstrated ( 1 )  and i t s  mechanism o f  a c t i o n  be ing  
unve i l ed  ( 2 , 3 f ,  t h e  i n t e r a c t i o n  o f  hydrogen s u l f i d e  w i t h  i r o n  needs t o  be understood 
f o r  e x p l a i n i n g  t h e  b a s i s  o f  p r e s u l f i d i n g  c a t a l y s t s  and f o r  new c a t a l y s t  des ign.  
P r e s u l f i d i n g  metal ox ide  hydrogenat ion c a t a l y s t s  has l o n g  been known t o  enhance 
l i q u e f a c t i o n  y i e l d s .  However, t h e  chemistry-based reason(s)  f o r  t he  enhancement i s  
unc lea r .  The metal ox ides are probably  conver ted t o  a mixed o x i d e - s u l f i d e  under 
s u l f u r - r i c h  cond i t i ons .  Using d i f f e r e n t i a l  thermal a n a l y s i s  under  h i g h  pressure f o r  
coa l  hydrogenation, Takeya ( 4 )  r a t e s  red  mud + S a t  297°C as hav ing  b e t t e r  c a t a l y t i c  
a c t i v i t y  than red  r e d  mud a t  429°C. A combinat ion o f  i r o n  ox ides  and s u l f u r  have 
been used f o r  coal l i q u e f a c t i o n  e f f e c t i v e l y  (5,6). 

I n  r e l a t e d  s tud ies ,  Beardon and A l d r i d g e  have pa ten ted  t h e  pret reatment  o f  coa l  
w i t h  hydrogen s u l f i d e  t o  enhance conversioris ( 7 ) .  G a t s i s  ( 8 )  u t i l i z e d  4 t o  8 volume 
pe rcen t  hydrogen s u l f i d e  (based on hydrogen gas) t o  enhance the  convers ion of 
b i tuminous coal ( P i t t s b u r g h  Seam Coal )  i n t o  a mere f i l t e r a b l e ,  h i g h e r  hydrogen 
con ten t  product  u s i n g  a so l ven t .  The o p e r a t i n g  c o n d i t i o n s  i n  t h e  e x t r a c t i o n  zone 
were 250"-5OO0C and 500 t o  5,OOG p s i g  w i t h  a s o l v e n t  t o  coal  we igh t  r a t i o  o f  0.2 t o  
10 and a res idence t ime  f rom 30 seconds t.o 5 hours. I f  hydrogen i s  n o t  p resen t  i n  
t h e  e x t r a c t i o n  zone, then  i t  i s  recommended t h a t  t h e  H S amount be increased t o  40% 
based upon t h e  amount o f  coa l  f e d  i n t o  t h e  e x t r a c t i o i  zone. H e t t i n g e r  has shown 
t h a t  hydrogen s u l f i d e  causes a s i g n i f i c a n t  i nc rease  i n  hyd roc rack ing  ( 9 ) .  Goudrian 
e t  a l .  (10) and S a t t e r f i e l d  and Model (11) conclude t h a t  hydrogen s u l f i d e  improved 
F d a i q u e f a c t i o r i  o f  b i t um inous  coa ls  u s i n g  hydrogen gas and l i g n i t e s  us ing  
synthes is  gas. Sondreal, W i l l s o n  and Stenberg ( 1 )  have demonstrated the p o s i t i v e  
e f f e c t  of H S cn l i g n i t e  l i q u e f a c t i o n  us ing  syn thes i s  gas. The product  stream on 
t h e  c o n t i n u a s  f l o w  u n i t  has l ower  v i s c o s i t y ,  l ower  gas y i e l d  and h i g h e r  d i s t i l l a b l e  
o i l  y i e l d .  Th is  enhancement c o u l d  be due t o  t h e  i n t e r a c t i o n  c f  t $ S  w i t h  the  
m ine ra l s  present  i n  coa l .  

EXPERIHENTAL 
Diphenylmethane was purchased ( A l d r i c h )  and r e c r y s t a l  l i i e d  f rom i t s  e t h y l  

a l c o h o l  so lu t ic i r i ,  cooled and t h e  p u r i t y  o f  diphenylmethane determined by GC was over 
99.9%. S u l f u r  ( A l d r i c h )  and H,S (Matheson, Coleman and B e l l )  were used d i r e c t l y  
w i t h o u t  p u r i f i c a t i o n .  A l l  t he  k a c t i o n s  were c a r r i e d  out. i n  a 12-ml 316 s t a i n l e s s  
s t e e l  batch m ic roau toc lave  (12) .  The heat-up t ime  was a t  2 minutes and cool-down 
t i m e  a t  0.5 minutes,  r e s p e c t i v e l y .  The reac t i o r :  c o n d i t i o n s  were as f o l l o w s :  
temperature, 300-425"C, ma in l y  425°C; t ime, 0-120 minutes,  n o t  i n c l u d i n g  heat-up and 
cool-down t imes; t h e  molar  r a t i o  of s u l f u r  r e a c t a n t s  a re  des ignated i n  each t a b l e .  
A f t e r  the autoc lave was cooled, t h e  volume o r  pressure o f  gas was measured. The 
l i q u i d  products  were washed c u t  f rom the i ru toc lave w i t h  e the r ,  and y e n  analyzed by 
GC. Instruments f o r  i d e n t i f y i n g  t h e  p roduc ts  were GC-MS and H-nnr. A gas 
chromatograph (Var ian  2100) used f o r  t he  separa t i on  o f  1 i q u i d  products .  Separat ion 
was e f f e c t e d  by a column (0.64 cm x 183 cm) w i t h  3% OV-17 supported on Suplecoport 
A. 

RESULTS AND DISCLiSSION 
DiDhenvlmethane was se lec ted  as the  nLodel compound f o r  these s t u d i e s  t o  

exempliky <he chemical r e a c t i o n s  of an aromat ic  r i n g - a l i p h n t i c  s ide  cha in  i n  coa l .  
I t s  chemical s t r u c t u r e  denies a l i p h a t i c  e l i m i n a t i o n  r e a c t i o n s .  The aromat ic-methy-  
l e n  aromatic b,onds apparent absence i n  SRL , SRC ana t h e  l ower  b o i l i n g  l i q u i d s  from 
coa f -  l i q u e f a c t i o n  does n o t  d e t r a c t  from d iphenylmethane's  t h e o r e t i c a l  va lue  no r  
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prove i t s  absence o f  i t s  s t r u c u r a l  r e l a t i v e s  i n  coa ls .  I t s  a b i l i t y  t o  r e f l e c t  
improved c o n d i t i o n s  f o r  t h e  l i q u e f a c t i o n  o f  c o a l s  i n  the  u l t i m a t e  c r i t e r i o n  o f  value 
as a model compound. I t s  behav io r  under l i q u e f a c t i o n  c o n d i t i o n s  has a l ready 
accu ra te l y  r e f l e c t e d  t h e  H S enhancement o f  coa l  l i q u e f a c t i o n .  

The thermal  s tab i l? ty  o f  diphenylmethane i s  h i g h e r  than  b i b e n z y l  and 
diphenylpropane. Diphenylmethane i s  though t  t o  be one o f  t h e  most t h e r m a l l y  s tab le  
c o a l - r e l a t e d  model compounds. T h i s  i s  bourne o u t  by  t h e  data on t h e  p y r o l y s i s  o f  
diphenylmethane under v a r i o u s  r e a c t i o n  c o n d i t i o n s  as i l l u s t r a t e d  i n  Table 1. 
Diphenylmethane does n o t  decompose i n  t,he argon a t  t h e  temperature o f  425°C and 
r e a c t i o n  t ime  o f  60 minutes. S i m i l a r  r e s u l t s  were ob ta ined  i n  t h e  presence o f  
hydrogen s u l f i d e .  However, t he  decomposi t ion o f  diphenylmethane was enhanced i n  the 
presence of e i t h e r  s u l f u r  a lone o r  a m i x t u r e  o f  hydrogen s u l f i d e  and s u l f u r .  In the 
p y r o l y s i s  r.eacLiutis o f  diphenyi inethane, s u l f u r  f u n c t i o n s  as a r e a c t a n t  and 13 
p roduc ts  a re  formed t o g e t h e r  w i t h  a polymer, c f .  Tab le  1. Wi th  e i t h e r  elemental 
s u l f u r  under argon o r  under  tI2S atmospheres f o r  30 min, t h e  convers ions a re  49.9 and 
35.8%, respect  i v e l  y . 

The presence o f  Ii S d u r i n g  t h e  r e a c t i o n  o f  diphenylmethane w i t h  s u l f u r  
i n f l u e n c e s  t h e  p roduc t  & s t r i b u t i o n .  Wi th  t! S t h e  y i e l d s  o f  t h e  low molecular  
we igh t  products ,  t o luene  and th iopheno l  , are  'h;glier t han  those o f  t h e  comparable 
r e a c t i o n  w i t h  S d e s p i t e  the  r e d u c t i o n  i n  diphenylmethane convers ion,  c f .  Table 1. 
The y i e l d  o f  h i &  mo lecu la r  we igh t  p roduc ts ,  c l a s s i f i e d  as "polymer" i n  Table 1, was 
reduced which accounts f o r  t he  d i f f e r e n c e .  

The y i e l d s  o f  gaseous and po lymer i c  p roduc ts  i nc reased  w i t h  temperature and 
r e l a t i v e  c o n c e n t r a t i o n  o f  s u l f u r  w i t h  l i t t l e  dependence on t ime ,  c f .  Table 2 .  The 
amounts o f  gas evolved c o r r e l a t e d  w i t h  the  y i e l d  o f  po l ymer i c  products  under these 
c o n d i t i o n s  except  when t h e  S :diphenylmethane r a t i o  was low. The r e a c t i o n s  t o  form 
b o t h  gaseous and polymer ic  & reduc ts  a r e  r a p i d  and t h e  y i e l d s  appear t o  s t a b i l i z e  
a f t e r  30 minutes. 

Table 3 i l l u s t r a t e s  t h a t  diphenylmethane-S p roduc t  d i s t r i b u t i o n  does indeed 
change before 30 minutes even though t h e  conver&on a i d  w i t h i n  exper imenta l  e r r o r .  
Te t rapheny le thy lene  was t h e  p r i n c i p a l  p roduc t  i r i  t k  i n i t i a l  stages o f  t h e  r e a c t i o n ,  
and i t  vanished a f t e r  60 minutes r e a c t i o n  t ime .  Benzene, to luene  and th iophenol  
y i e l d s  appear t o  be t h e  main benefactors  o f  these secondary r e a c t i o n s .  S ince the 
fo rma t i cn  o f  t e t r a p h e n y l e t h y l e n e  occurs l a r g e l y  w i t h i n  the  2-minute heat-up t ime, 
i t s  format ion i s  one o f  t h e  p r i n c i p a l  p r imary  r e a c t i o n s  o c c u r r i n g  i n  the 
diphenylmethane m i x t u r e .  I t s  i ncomp le te  convers ion i n t o  p roduc ts  i s  p c s s i b l y  due t o  
e i t h e r  the diphenylnethane-S r e a c t i o n  o c c u r r i n g  o n l y  i n  t h e  l i q u i d  phase a t  lower 
temperatures where su l fu r - i nguced  r a d i c a l  r e a c t i o n s  a re  known t o  occur  o r  a change 
i n  t h e  chemical na tu re  and r e a c t i v i t y  of s u l f u r  occu r red  w i t h  t h e  r e a c t i o n  t ime .  

I n  a d d i t i o n  t o  te t rapheny le thy lene ,  t e t rapheny le thane  and thiobenzophenone were 
de tec ted  a t  300" and 350°C and t h e i r  c o n c e n t r a t i o n  decreases w i t h  i nc reas ing  
temperature. The low b o i l i n g  p roduc ts ,  benzene, to luene  arid th iophenol  a re  no t  
formed a t  300" and 350°C. There fo re  these must be ca tegor i zed  as secondary 

J n  t h e  hydrogen gas and/or  t he  H S gas, t h e  diphenylmethane convers ion was 
about  4%. On t h e  o the r  
hand, the  diphenylmethane convers ion was enhanced i n  a H 2 - H  S m i x t u r e  gas. The 
diphenylmethane convers ion  was H S c o n c e n t r a t i o n  dependent, esFcc ia l  l y  a t  l ower  H S 
concen t ra t i ons ,  and independent & ti2 c o n c e n t r a t i o n  under  t h e  c o n d i t i o n s  employed ?n 
t h i s  study. The main p roduc ts  w i t h  t h e  H -H S mixt.ure gas were again benzene and 
to luene .  Sever21 minor  p roduc ts  were fo<me?i i n  l e s s  than 1% o f  t h e  we igh t  o f  
diphenylmethane charged. 

The r e s u l t s  ob ta ined  i n  a p r e s u l f i d e d  r e d c t o r  tube showed t h a t  the 
diphenylmethane hyd roc rack ing  was promoted i n  p a r t  by t h e  meta l  s u l f i d e  l a y e r  formed 
on t h e  s t a i n l e s s  s t e e l  r e a c t o r  w a l l .  The r e a c t o r  w a l l  was su l f i dec l  w i t h  ti S be fo re  
t h e  i n t r o d u c t i o n  of diphenylmethane which r e s u l t s  i n  a b l a c k  c o a t i n g  be ing  qormed on 
t h e  r e a c t o r  w a l l .  Since t h e  meta l  s u l f i d e  i s  be ing  formed as t h e  r e a c t i o n  proceeds 
i n  t h e  ncnsy l f i ded  meta l  r e a c t o r  t ube ,  It i s  d i f f i c u l t  t o  be c e r t a i n  o f  the 
percentage, 1f  arly, of t h e  hyd roc rack ing  which occurs i n  the gas phase. 

products .  

Benzene and to luene  were fogmed i n  about equal anicunts. 
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With P y r r h o t i t e ,  H gas causes cons ide rab le  hyd roc rack ing  of diphenylmethane 
which c o n t r a s t s  w i t h  i t 2  behav io r  i n  t h e  absence o f  t h e  i r o n  s u l f i d e .  Benzene and 
to luene a re  t h e  main p roduc ts  w i t h  benzene i n  excess. 

The H H S gas m i x t u r e  over p y r r h o t i t e  enhanced t h e  diphenylmethane 
i h y d r o c r a c k i h -  T e a c t i o n  cons ide rab ly  more a lone  d i d .  Moreover, t he  

diphenylmethane convers ion  i n  t h e  presence ofth;;rrtkite was much h i g h e r  than  t h a t  
i n  i t s  absence. 

Using p y r r h o t i t e ,  t h e  diphenylmethane convers ion i nc reases  r e c t i l i n e a r l y  w i t h  
i n c r e a s i n g  hydrogen pressure.  A s i m i l a r  e f f e c t  on convers ion  occurs when the 
hydrogen pressure i s  k e p t  cons tan t  and t h e  r e a c t i o n  t ime  increased.  As t h e  r i g o r  of 
t h e  diphenylmethane r e a c t i o n  s o l u t i o n  i s  enhanced by e i t h e r  i n c r e a s i n g  the  hydrogen 
concen t ra t i on  o r  t h e  r e a c t i o n  t ime, t h e  benzene:toluene r a t i o  increases from the  
va lue  o f  1. 

The convers ion o f  diphenylmethane i s  dependent on t h e  H2S c o n c e n t r a t i o n  on ly  
u n t i l  s l i g h t l y  more t h a n  a 1:l mole s t o i c h i o m e t r y  i s  achieved whether o r  n o t  
p y r r h o t i t e  i s  p resen t .  The y i e l d s  o f  benzene and to luene  a re  s i m i l a r l y  e f fected.  
The i n c r e a s i n g  c o n c e n t r a t i o n  o f  H S i n h i b i t e d  t h e  f o r m a t i o n  of p roduc ts  o t h e r  than 
benzene and to luene.  The amount 02f p y r r h o t i t e  p resen t  i n f l u e n c e s  t h e  convers ion  b u t  
n o t  t he  product  d i s t r i b u t i o n .  The p y r r h o t i t e  l o a d i n g  a t t a i n e d  i t s  optimum e f f e c t  a t  
a weight  r a t i o  t o  diphenylmethane o f  0.5. 

The thermal hyd roc rack ing  o f  diphenylmethane i n  t h e  preserice o f  i n i t i a t i n g  
r a d i c a l s  has been suggested t o  proceed by r e a c t i o n s  1 and 2. I n  the  absence of 
i n i t i a t i n g  molecules such as b ibenzy l ,  t h e  slow thermal-decomposit ion r e a c t i o n  o f  

The e f f e c t  o f  p y r r h o t i t e  p a r t i c l e  s i z e  was n o t  impor tan t .  i 

R' + H -f RH + H'  1) 

3 )  
H '  + P i  CH + PhH + PhCH2' 2 )  
Ph CH2 -t2 P i '  + PhCH ' 

d iphenylmeth ine,  r e a c t i o n  3 and t i e  thermal  decomposi t ion da ta  ob ta ined  under argon, 
p rov ides  the  o n l y  source o f  R '  f o r  r e a c t i o n  1 w i t h  t h e  consequence o f  slow k i n e t i c s  
o f  t he  thermal decomposi t ion o f  diphenylmethane under hydrogen. Another reason f o r  
t h e  slow k i n e t i c s  o f  t he  diphenylniethane decomposi t ion under  hydrogen i s  the  
endothermic cha rac te r  o f  r e a c t i o n  1. From bond d i s s o c i a t i o n  data,  one can expect  
t h i s  r e a c t i o n  t o  be endothermic by 0 t o  +25 kca l /mo le  depending on t h e  n a t u r e  o f  E*. 
The l a c k  o f  hydrogen pressure dependence w i t h  no a d d i t i v e s  p resen t  i s  probably  an 
a r t i f a c t  a t t r i b u t e d  t o  the  low l e v e l  o f  convers ion and obscurred by exper imenta l  
e r r o r .  

W i th  hydrogen s u l f i d e  and hydrogen p resen t ,  t he  convers ion  and p roduc t  y i e l d s  
a re  s i g n i f i c a n t l y  h ighe r .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  r e a c t i o n s  4 and S 
becoming opera t i ona l  i n  the  r e a c t i o n  m ix tu re .  The hydrcjgen s u l f i d e  pressure 

dependence i s  r a t i o n a l i z e $  by r e a c t i o n  4 and i t s  maxirdum c o n c e n t r a t i o n  optimum i s  
c o n t r o l l e d  by r e a c t i o n  5 which regenerates H S. The r e a c t i o n  sequence 4 and 5 i s  a 
thermodynamic s tepwise z l t e r n a t i v e  t o  t h e  h i $ h l y  endothermic r e a c t i o n  1: Thus, t he  
hydrogen s u l f i d e  e f f e c t  i s  suggested t o  teke  p lace  by r e p l a c i n g  r e a c t i o n  1 w i t h  two 
p o t e n t i a l l y  f a s t e r  r e a c t i o n s  which accomplished the  same end r e s u l t .  ReaEtion 4 i s  
es t ima ted  t o  be endothermic o r  exothermic by t h e  range o f  -9 t o  +16 kcal /mole and 5 
endothermic by +9 kcal /mole.  Therefore,  hydrcgen s u l f i d e  f u n c t i o n s  as a H - t r a n s f e r  
c a t a l y s t  i n  a hydrogen-hydrogen s u l f i d e  gas m i x t u r e ,  and t h i s  r e s u l t s  i n  an enhanced 
diphenylmethane hyd roc rack ing  reac t i on .  

The s i g n i f i c a n t  changes on us ing  p y r r h o t i t e  t o g e t h e r  w i t h  hydrogen and hydrogen 
s u l f i d e  i s  r a t e  enhancement, hydrogen and hydrcgen s u l f i d e  dependence a d  increased 
benzene fo rma t ion .  The r a t e  enhancement can be a t t r i b u t e d  t o  a weakening o f  t h e  SH 
bonds o r  o u t r i g h t  d i s s o c i a t i o n  o f  H S on t h e  p y r r h o t i t e  su r face  which serves t o  
enhance the  r a t e  of r e a c t i o n  4. The gydrogen pressure dependence w i t h  p y r r h o t i t e  i s  
a t t r i b u t e d  t o  t h e  increased concen t ra t i on  o f  an a c t i v e  'SH and r e a c t i o n  5 becoming a 
s i g n i f i c a n t  f a c t o r  i n  the  r e a c t i o n  m ix tu re .  S ince benzene i s  formea i n  h i g h e r  
y i e l d s  than to luene  and to luene  i s  conver ted i n  low y i e l d  i n t o  benzene under these 
c o n d i t i o n s  i n  t h e  absence o f  p y r r h o t i t e ,  a d s o r p t i o n  o f  diphenylmethane on t h e  

R' + H S + RH + 'SH 4 )  
5) 'SH + 8, + H S + H'  
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p y r r h o t i t e  s u r f d c e  i s  i n d i c a t e d  and t h e  benzene i n  excess o f  a s t o i c h i o m e t r i c  r a t i o  
w i t h  to luene  fornied f rom some adsorbed species. 

Two f a c t o r s  were considered i n  t h e  des ign  of flew i r o n  o x i d e  supportea 
c a t a l y s t s :  ( a )  i r o n  i s  t h e  p r i n c i p a l  t r a n s i t i o n  meta l  t o  be used based on t h e  cost 
f a c t o r ,  and ( b )  t h e  a c i d i t y  o f  t h e  suppor t  ox ide  should be v a r i e d  t o  determine the 
optimum a c i d i t y .  These meta l  ox ides have been screened and t h e  p romis ing  r e s u l t s  
pub l i shed  (3 ) .  S ince then,  we have con t inued  work w i t h  these c a t a l y s t s  u s i n g  s u l f u r  
a d d i t i v e s  and have ob ta ined  much more e x c i t i n g  r e s u l t s  than those pub1 ished,  c f .  
Tables 5 and 6 .  

Diphenylmethane i s  copver ted  i n t o  ma in l y  benzene and to luene  when exposed t o  
reduc ing  c o n d i t i o n s  a t  l i q u e f a c t i o n  temperatures such as 425OC (Table 5 ) .  When 
hydrogen i s  used i n  t h e  s t a i n l e s s  s t e e l  r e a c t o r  w i t h  no added c a t a l y s t  t h e r e  i s  no 
convers ion o f  t h e  s t a r t i n g  m a t e r i a l .  When meta l  ox ide  heterogeneous c a t a l y s t s  are 
added, the s t a r t i r i g  m a t e r i a l  i s  conve r ted  i n t o  t h e  observed products  t o  va ry ing  
degrees (Tab le  6 ) .  A l l  t h r e e  newly des igned and synthes ized c a t a l y s t s  a re  a c t i v e  
and compare f a v o r a b l y  w i t h  t h e  commerc ia l ly  a v a i l a b l e  COO-MOO,. Table 6 g ives  data 
which demonstrate t h e  p o s i t i v e  e f f e c t  o f  s u l f i d i n g  t h e  cata l ’ j /s ts  be fo re  o r  du r ing  
use. The S i 0  - suppor ted c a t a l y s t  was s e l e c t e d  f o r  t he  p resc rd  s tudy on t h e  bas is  
o f  c o s t  e f fecg iveness .  
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Tzb le  1 The P y r o l y s i s  of Diphenylmethane w i t h  S8 and H2S/Ssa 

S H S f S  b Products 
Be fi z ene 1.1 S.0 
To1 uene 3.9 8.0 

Diphenyl s u l f i d e  Trace 0.4 
Unknown 0.0 0.7 
Oihenzothiophene 0.0 0.8 
Thioxafi thene 0.7 2.c 
T r i p he ny 1 methane 1.3 0.4 
9-Pheny1t.hioxanthene Trace Trace 
9 ,lO-Dihydro-9,10-diphenylanthracene 0.2 Trace 
Tetraphenylethy lene 0.2 0.0 
12+13-Dihydrodinaphthothiophene 1.6 0.4 
l,l,l-Triphenyl-2-phenylethane 0.3 Trace 
Po 1 yriie r 35.2 25.2 
Conversion 49.9 35.8 

aThe r e a c t i o n s  were done a t  425°C f o r  30 min. a t  temperature w i t h  tr S:PhZCH2:S r a t i o  
b o f  2.5:I:l.. The s u l f u r  r e a c t i o n  was done under an argoi i  atmospherg. 

Thiophenol 6.9 9.0 

The r e s u l t s  are g i ven  i n  mole pe rcen t  based on the  amount o f  s t a r t i n g  m a t e r i a l  
except  f o r  t he  amount o f  polymer. 
p l u s  S charged. 

The l a t t e r  i s  g i v e n  i n  we igh t  percent  o f  Ph2CH2 

Table 2 The React ion o f  S, w i t h  Diphenylmethaiie 

Mole r a t i o  Gaseous Pol ymeri c 
l enp ,  "C Time, min S:Ph2CH2 products ,  w t X a  products ,  w t X a  

300 30 1 
250 30 1 

1 .0  
2.7 

425 30 1 6.6 
60 

120 
3@ 

425 
425 

1 7.0 
1 6.8 

425 0.5 4.6 
425 30 2 18.1 
425 Ob 1 5.6 

14.8 
29.e 
35.2 
33.6 
34.0 

9.9 
44.2 
24.2 

:Weight percent  o f  t o t a l  s u l f u r  p l u s  diphenylmethane charged. 
The heat-up t i n e  was 2 minutes w i t h  an immediate temperature quench. 
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Table 3 Time Dependence of S8-Ph2CH2 Product  D i s t r i b u t i o n a  

Time a t  temperature,  min b Products  

Benzene 
To1 uene 
Thiophenol 
Unkncwn 
T h i o ben zop he none 
Thioxanthene 
T r i  phenyl methane 
5-Phenjii f l u o r e n e  
9,10-Dihydro-9,10-dipherjylanthracene 
Tetraphenyl  e t h y l  ene 
12,13-Dihydrodinaphthothiophene 
l,l,l-Tripheny1-2-phenylethane 
Conversion 

OC 

0.4 
0.6 
2.0 
1.2 
0.9 
1.3 
0.5 
0.9 
0.2 
7 .6  
1.6 
0.2 

46.9 

30 

1.1 
3.9 
6.S 

0 
0 

0.7 
1.3 
0 

0.2 
0 .4  
1.6 
0.3 

49.9 

6@ 

1.3 
4.2 
7.3 

0 
0 

G.9 
1.6 
0 

0.3 
0 

1.5 
0 

48.8 

120 

1.8 
3.3 
5.5 

0 
0 

0.7 
1.1 
0 

0.3 
0 

1.7 
0.3 

47.5 

aThe r e a c t i o n  temperature was 425°C; t h e  S:Ph CP 

bThe r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  based on t h e  diphenylmethane charged. 
'The heat-up t ime  was 2 min  w i t h  an immediate temperature quench. 

mole r a t i o  was 1; and t h e  
r e a c t i o n s  were done under an atmosphere o f  a?goa. 

Table 4 Diphenylinethane Conversion w i t h  S8-H2Sa 

Time e t  temperature,  min 

0' 15 30 60 120 

b Products 

Benzene 
Toluene 
Th i ophenol 
Diphenyl  s u l f i d e  
Unknown 
Dibenzothiophene 
Thioxanthene 
Triphenylmethane 
Tetraphenyl  e thy lene  
12,13-Dihydrodinaphthothiophene 
Polymer 
Ph2CH2 convers ion 

0.8 
0 

0.3 
0 

24.4 
7.8 

0.4 1.0 1.1 1.3 
6.7 6.0 6.9 6.7 
7.5 9.0 8.6 8.2 

Trace 0.4 0.2 0.4 
0.7 0.7 0.6 0.6 
0 .5  0.8 0.7 0.7 
1.5 2.0 1.4 1.2 
0.2 0.4 0.3 0.2 
0 0 0 0  

Trace 0.4 Trace Trace 
27.9 25.2 27.6 29.0 
34.3 35.8 32.9 31.5 

:The r e a c t i o n  temperature was 425°C and t h e  H S:S:Ph CH molar  r a t i o s  were 2 . 5 : l : l .  
The r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  bc.sed gpon thg  a i o u n t  o f  s t a r t i n g  m a t e r i a l  
except  f o r  t h e  amount c;f polymer. The l a t t e r  i s  g i ven  i n  we igh t  pe rcen t  o f  Ph2CH2 
p l u s  S charged. 

'The hegt-up t i m e  was 2 niin w i t h  an imniediate quench. 
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Table 5. Diphenylniethane Product D i s t r i b u t i o n  Using t h e  Fe203 - Si02 C a t a l y s t a  

Gases CO .. 

Added H.0 t i  H" ' H  
H s'(P! H ~ S ' ( P )  !2 (6) H~+&. 

Benzene 1 7 1  43 
Products 2----- 83 
To1 uene 1 75 67 21 88 
Cyclohexanes @ 3 7 0 5 
Others 0 I 2 a 1 
Conversion 1 88 8 1  d l  100 

I 
P=presul f i d e d  
U=utlsul f ided  

aThe reac t i ons  were done i n  t h g  12ml r o c k i n g  autoc laves a t  425'C f o r 3 1  h r .  H (4 .9  
x 10- 
used. 
r e s u l t s .  
p s i  H 2  and r a i s i n g  t h e  temperature t o  425°C and keeping i t  t h e r e  f o r  1 h r .  

moles), H S (3.9 x 10- 
A 10 we ig6 t  pe rcen t  l o a d  o f  c a t a l y s t  was used. 

moles), and diphenylmethane ( 3  x 10- moles) wgre 
The c i t e d  data i s  d u p l i c a t e  

The p r e s u l f i d i n g  wds done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe r e a c t i o n  temperat rue was 450GC. 

Table 6. The ReactJon o f  Diphenylinethane Using t h e  Tanabe Newly Synthes ized 
Ca ta l ys ts  

None Fe203 Fe 0 Fe 0 Fe,O 
-- on 2rd2 on ? ia2 on $id, ~00.~00% 

CO/H O/H2S NA Trace 4 2 Trace 34 

H Z / S  9 30 92 95 8 1  99 
H,/H;S HA 30 82 98 100 09 

tlL" NA 5 45 16 23 50 
H;/H~S/H~O NA 2 3 4 4 26 

aThe reac t i ons  were done i n  th3  12nil  r o c k i n g  autoc laves a t  425°C f o r 3 1  h r .  H (4 .0  
x 10- moles) ,  H,S (3.9 x 10- moles) ,  and d iphenylnethane (3  x 10- moles) wgre 
used. 
r e s u l t s .  
p s i  H2 and r a i s i n g  the  temperature t o  425°C and keeping i t  t h e r e  f o r  1 hr. 

A 10 weight  pe rcen t  l oad  of c a t a l y s t  was used. The c i t e d  data i s  d u p l i c a t e  
The p r e s u l f i d i n g  was done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe c a t a l y s t  i s  p r e s u l f i d e d  f o r  t h i s  run. 

I 
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INCREASING THE ACTIVITY OF COAL MINERAL MATTER 
FOR HYDRODESULFURIZATION AND HYDRODENITROGENATION 

Kindtoken H-D. L iu  and Charles  E .  Hamrin, Jr .  

Department of Chemical Engineer ing 

U n i v e r s i t y  of Kentucky 
Lexington,  Kentucky 40506 

and I n s t i t u t e  f o r  Mining and Minerals  Research 

C a t a l y s i s  by c o a l  minera ls  has  been t h e  s u b j e c t  of much work i n  r e c e n t  
years  by Guin et a l .  ( 1 , 2 ) ,  Granoff .  e t  a l .  (? ,$ ,5 j ,  Given and coworkers 
( 6 , 7 ) ,  and Mukhejce arid Chowdhury (8) s i n c e  i t s  d iscovery  by Wright and 
Severson (9) i n  1972. Severa l  s t u d i e s  using model compounds such as thio-  
phene, benzothiophene, p y r r o l e ,  pyr ro l idene ,  and n-butyl  amine have a l s o  
been publ ished based on work performed a t  t h e  Univers i ty  of Kentucky (10- 
16) .  I t  i s  t h e  purpose of  t h i s  paper  t o  compare t h e  hydrodesul fur iza t ion  
(HDS) and hydrodeni t rogenat ion (HDN) a c t i v i t i e s  of minera l  matter modified 
by i r o n  o r  n i c k e l  a d d i t i o n s  t o  t h e  a c t i v i t i e s  of un t rea ted  minera l  matter. 

EXPERIMENTAL - A p u l s e  micro-reactor  packed wi th  minera l  mat te r  us ing  hydro- 
gen a s  t h e  c a r r i e r  gas was used t o  e v a l u a t e  c a t a l y t i c  a c t i v i t y  over  t h e  
temperature  range of 573 t o  723 K a t  101 kPa. Conversions were c a l c u l a t e d  
from t h e  t o t a l  of C4 gases  d e t e c t e d  i n  t h e  product  stream by gas  chromato- 
graphy. Details of t h e  system a r e  presented  elsewhere (16). Modif icat ion 
of minera l  mat te r  was c a r r i e d  o u t  by prepar ing  phys ica l  mixtures  of Ky 1/9 
and Ky 1\11 wi th  Harshaw Ni-4301 (6% N i  and 19% W as oxides  on s i l i c a -  
alumina) and by evapora t ing  v a r i o u s  i r o n  and n i c k e l  s o l u t i o n s  conta in ing  
Ky 1 9  and Ky 1111. Phys ica l  m i x t u r e s  were prepared i n  two d i f f e r e n t  ways. 
I n  one method H2-pretreated,  -24+42 mesh p a r t i c l e s  of LTA and t h e  Harshaw 
c a t a l y s t  were combined t o  g i v e  1 0  w/o n i c k e l  and loaded i n t o  t h e  r e a c t o r  
f o r  a c t i v i t y  t e s t i n g .  The a c t i v i t y  w a s  between t h a t  of t h e  LTA and t h e  
catalyst .  A second p h y s i c a l  method was used which gave more i n t e r e s t i n g  
r e s u l t s .  
e i t h e r  of t h e  LTAs, pressed ,  c rushed  t o  -24+42 mesh, and H2 p r e t r e a t e d  as 
f o r  o t h e r  test samples. The c a t a l y s t  charged was 5 x kg conta in ing  
10 w/o n i c k e l  ( c a l c u l a t e d ) .  

The c a t a l y s t  w a s  ground i n  a mor ta r  and p e s t l e  and combined wi th  

Two grams of LTA were mixed w i t h  t h e  corresponding amount of N i ( N 0 3 ) ~ -  

I f  necessary ,  h e a t  
6H2O to  g i v e  10,  25, and 50 w/o N i  mix tures .  
d i s t i l l e d  water  (0.021) w a s  added t o  d i s s o l v e  t h e  s a l t .  
w a s  added f o r  about  30 seconds t o  c a r r y  o u t  t h e  d i s s o l u t i o n .  
then  placed i n  a 383 K oven o v e r n i g h t  t o  evapora te  t h e  l i q u i d .  
s o l i d  was pressed ,  s ieved ,  and p r e t r e a t e d  a s  descr ibed  earlier. S i m i l a r  
t rea tments  were c a r r i e d  o u t  wi th  FeC13-6H20, Fe(N0-J3'9H20, and NiC12-6H20. 

RESULTS AND DISCUSSION - The HDN convers ion  f o r  t h e  combination of  t h e  Ky 
1/11 LTA wi th  t h e  ground Harshaw c a t a l y s t  i s  shown i n  F igure  1, along wi th  
t h e  pure components. 
a long  with t h e  amount of bu tane  and u n s a t u r a t e s .  
wi th  t h e  c a t a l y s t  which produces only  butane ,  g i v e s  lower conversion,  and 
l o s e s  a c t i v i t y  a s  p u l s i n g  cont inues .  

A s m a l l  q u a n t i t y  of  double  

The s l u r r y  was 
The remaining 

On t h e  l e f t  i s  t h e  Ky d l l  LTA showing t o t a l  conversion 
This  c o n t r a s t s  s h a r p l y  

The mixture  (3rd graph from l e f t )  pro- 
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duces a mean conversion of 72.5 which is much higher than either of the 
components indicating a synergistic effect. The first pulse produced only 
butane but thereafter the butane accounted for about 12.5%, 1-butene for 
about 9%, and 2-butenes for about 51% of the total 72.5% conversion. 
Apparently, the hydrogenation sites are quite sensitive to nitrogen 
poisoning, but they do not affect the denitrogenation activity. 

The effect is even more impressive when Ky 119 which was third lowest 
in activity was combined with the powdered catalyst. 
the mixture (right graph) gave a mean conversion of 77.2% which was the 
highest of any material tested. Again the first pulse gave pure butane; 
thereafter about 32% (of the 77.2%). After five pulses cis-2 butene appears 
and is about the same value as butane with the remainder trans-2-butene. 
No 1-butene was observed. 

As shown in Figure 2, 

The catalyst produced from Ni(N03)~ 6H2O and Ky 1/11 evidenced quite 
stable performance with a mean conversion of 53.6% which is very close to 
the LTA value (Figure 1). Unsaturates make up almost all of the products. 

Results for all of the Fe and Ni solution-type catalyst are presented 
in Table I which gives both HDN and HDS conversion. None of the mixtures 
improve the HDN conversion appreciably and the ferric nitrate decreases it 
by 26%. 
gives C1% and the 50% Ni yields a value of 38.8%. The values of the sur- 
face area for the Ni treated mixtures give a mean value of 28.9 m2/g 5 2 . 2  
which is slightly less than the untreated LTA value of 32.0. This indicates 
the added Ni is responsible for the increase in activity and the surface 
area is unaffected by the treatment. The iron treatment shows some improve- 
ment as does the nickel chloride, but the nitrate is by far the most effec- 
tive treatment rivaling the Harshaw mixtures as shown in Figure 3. Here it 
is seen that 10% Harshaw with Ky 1/11 gives 23% conversion compared to 21% 
for the above treatment. The highest HDS conversion was 24.2% for the Ky#9- 
Harshaw mixture. It is also interesting to note that the Harshaw catalyst 
does not give a high concentration of n-butane as it did for ADN. Probably 
H2S poisoning is responsible for the lack of hydrogenation. 

Very large changes in HDS conversion are apparent since the LTA 

The effect of temperature on HDS conversion for Ky 1/11 mineral matter, 
25% Ni, and 50% Ni is shown on Figure 4 .  
linearly by almost 3-fold from 600 t o  700 K. The 50 w/o mixture increases 
7-fold from 500 to 700 K. 
significantly for the Ni-mixtures over the untreated mineral matter. One 
measure of this is the temperature required for the more active materials 
to give the same conversion as the mineral matter; i.e. 1% at 683 K. This 
requires considerable extrapolation, but it is estimated that the 25% Ni 
mixture would require a temperature of 523 K and the 50 w/o about 453 K. 

The 25% Ni mixture increases 

It is also obvious that the activity has increased 

Another comparison is shown in Figure 5 where log conversion is plotted 
against the reciprocal temperature. 
for presulfided Ky 1\11 LTA (Morooka and Hamrin, 10) which gave an activation 
energy of 58.6 kJ/mole. In this study a value of 57.5 kJ/mole was found for 
H2-treated Ky 1/11 which is in good agreement with the earlier value indi- 
cating that pretreatment by H2 or H2S does not affect the activation energy. 
Shown on the figure are the data for the 25% Ni mixture which gave a value 
of 30.4 kJ/mole with a correlation coefficient (r = 0.97). 

A previously reported curve is shown 

For the 50% 
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Ni-LTA, a v a l u e  of 30.3 kJ/mole ( r  = 0.97) w a s  found. The N i  t reatment  c u t  
the  a c t i v a t i o n  energy almost  i n  h a l f ,  but  i n c r e a s i n g  t h e  amount of N i  from 
25 t o  50 w/o had no e f f e c t  on i t .  

Addi t iona l  H2-treatment on t h e  Ni-modified LTA c a t a l y s t  i n c r e a s e s  its 
HDS a c t i v i t y  but  decreased its HDN a c t i v i t y .  Typica l  r e s u l t s  are given i n  
Table I1 f o r  t h e  25% N i  m i x t u r e  where t h e  HDN a c t i v i t y  decreased from 54.7 
t o  47.5 when a d d i t i o n a l  H2  t rea tment  of 95 hours  was c a r r i e d  o u t .  
be expla ined  by t h e  i n c r e a s e  of  c racking  a c t i v i t y  of  t h e  c a t a l y s t  as t h e  
reduct ion  of N i  s i tes proceeded. 

This  may 

The f a c t  t h a t  Ni-added c a t a l y s t  increased  t h e  HDS a c t i . v i t y  up t o  56 
times seems due t o  t h e  h igh  hydrogenst iou a c t i v i t y  of N i  metal which p lays  
an h p a r t a u c  r o l e  on t h e  hydrocracking of thiophene a s  t h e  f i r s t  s t e p  t o  
give 1,3-butadiene fol lowed by hydrogenat ion t o  g i v e  n-butenes and butane. 
On t h e  o t h e r  hand, s i n c e  t h e  N i  added c a t a l y s t  only keeps t h e  HDN a c t i v i t y  
unchanged impl ies  t h a t  t h e  hydrogenat ion a c t i v i t y  of N i  metal does not  con- 
t r i b u t e  t o  t h e  n-butylamine conversion;  t h e r e f o r e  t h e  n-butylamine HDN con- 
v e r s i o n  is not  a hydrocracking r e a c t i o n  b u t  a c racking  r e a c t i o n  i n  which 
dehydrogenation occurs .  

P y r r o l e  and p y r r o l i d i n e  p u l s i n g  on N i  modified Ky 111 LTA c a t a l y s t  
showed some poisoning e f f e c t  on t h e  n-butylamine HDN a c t i v i t y  whi le  th io-  
phene p u l s i n g  increased  t h e  HDN a c t i v i t y  from 41% t o  51% but  decreased t h e  
s e l e c t i v i t y  t o  n-butane. 
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TABLE I 

Effect of Fe and Ni Modification of Ky fill LTA 
on HDN and HDS Conversions 

w f o  Added Surface Area Conversion* 
HDS - - Addition Compound Element m 2 I g  HDN 

None 0 32.0 52.0 0.78 

Fe(N03) 3- 9H20 10 

F r C l j  6H20 10 

NiC12. 6H20 10 

Ni(N03)i 6H 0 10 
2 

Ni(N03) f 6H20 25 

Ni(N03) i 6H20 50 

27.0 

31.3 

28.3 

38.6 1.98 

48.0 0.96 

48.8 4.73 

53.6 14.0** 

54.7 16.0 

60.7 38.8 

* 
** Extrapolated to 0 additional H2 treatment. 

At 673 K, WfF = 2.91 g cat-hr/mole, 4 hr hydrogen pretreatment at 673 K. 
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TABLE I1 

Effect of Additional H2 Treatment on 
HDN Activity of 25% Ni-Ky /Ill Mixture 

Additional H2 Treatment at 673 K, hr 
95 - 39 - 14 - 0 - 

HDN Conversion From 
C4's Produced, % 54.7 5 0.9 51.0 5 0.7 50.1 f 1.3 47.5 2 1.7 

C1 - C3 By Cracking, % 6.0 5 0.7 7.4 5 4.1 11.0 f 1.1 18.2 2 1.9 

Total Conversion, % 60.7 58.4 61.1 65.7 

n-Butane in Total, % 7 . 9  5 1.4 9.1 f 1.1 16.5 5 3.3 49.6 5 12.0 
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R e l a t i v e  A c t i v i t y  o f  T r a n s i t i o n  Meta l  C a t a l y s t s  
i n  Coal L i q u e f a c t i o n  

Diwakar Garg and Edwin N. Givens 

Corporate Research & Development Department 
A i r  Products  and Chemicals, I nc .  

P.O. Box 538, A l l en town ,  PA 18105 

Abs t rac t  

The c a t a l y t i c  a c t i v i t y  o f  t r a n s i t i o n  meta ls  f o r  coa l  l i q u e f a c t i o n  was s t u d i e d  
and compared. Impregnat ion o f  coa l  w i t h  t r a n s i t i o n  meta ls  s i g n i f i c a n t l y  
increased t h e  p r o d u c t i o n  of  o i l s  and t h e  convers ion o f  asphal tenes and preas- 
phal tenes i n  coa l  l i q u e f a c t i o n .  O v e r a l l  conve rs ion  o f  coa l  i nc reased  m a r g i n a l l y  
w i t h  t r a n s i t i o n  me ta l s .  The p r o d u c t i o n  o f  hydrocarbon gases decreased s l i g h t l y  
w i t h  meta ls .  I r o n  impregna t ion  was more a c t i v e  i n  preasphal tenes convers ion  
than  c o b a l t ,  n i c k e l ,  and molybdenum; whereas t h e  o t h e r  me ta l s  were more a c t i v e  
i n  asphal tenes convers ion  than  i r o n .  Hydrogen consumption decreased w i t h  t h e  
use o f  metals. The q u a l i t y  o f  generated s o l v e n t  decreased w i t h  i r o n ,  whereas 
i t  increased w i t h  o t h e r  me ta l s .  
i r o n  and molybdenum. Simultaneous impregna t ion  o f  coa l  w i t h  i r o n  and molybdenum 
s i g n i f i c a n t l y  i nc reased  t h e  convers ion  o f  c o a l ,  asphal tenes,  and preasphal tenes,  
and t h e  p r o d u c t i o n  o f  o i l s  compared t o  i n d i v i d u a l  meta ls .  The m i x t u r e  o f  i r o n  
and molybdenum a l s o  decreased t h e  hydrocarbon gas p r o d u c t i o n  ove r  i r o n  and 
molybdenum alone.  I n  a d d i t i o n ,  t h e  q u a l i t y  o f  generated s o l v e n t  was h i g h e r  
w i t h  i r o n  and molybdenum m i x t u r e  compared t o  i r o n  alone. 

S i g n i f i c a n t  synergism was observed between 

I n t r o d u c t i o n  

Ex tens i ve  research has been per formed i n  t h e  areas o f  c a t a l y t i c  and n o n - c a t a l y t i c  
coa l  l i q u e f a c t i o n .  I t  i s  w e l l  known t h a t  i n  coa l  l i q u e f a c t i o n ,  h igh -mo lecu la r  
we igh t  compounds r u p t u r e  t h e r m a l l y ,  p roduc ing  uns tab le  f r e e  r a d i c a l s .  These 
f r e e  r a d i c a l s  r e a c t  w i t h  hydrogen donated by hydrogen donor species p r e s e n t  i n  
t h e  process s o l v e n t  t o  form s t a b l e  species.  
s u f f i c i e n t  hydrogen donor compounds i n  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  m i x t u r e  
i s  necessary t o  p r e v e n t  t h e  r e p o l y m e r i z a t i o n  o f  f r e e  r a d i c a l s  the reby  a i d i n g  
t h e  p r o d u c t i o n  o f  lower-molecular -weight  o i l s  and asphal tenes.  It has been 
speculated t h a t  m ine ra l  m a t t e r  c a t a l y z e s  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  by 
enhancing t h e  t r a n s f e r  o f  hydrogen from t h e  gas t o  l i q u i d  phase thus  m a i n t a i n i n g  
t h e  hydrogen donor c a p a b i l i t y  o f  the p rocess  so l ven t .  

The c a t a l y t i c  e f f e c t  o f  m ine ra l  m a t t e r  on hyd rogena t ion  o f  model compounds and 
coa l  has been i n v e s t i g a t e d  b y  a number o f  i n v e s t i g a t o r s . ( l - l Z )  I r o n  compounds 
which a r e  abundant b o t h  i n  n a t u r e  and as an  a r t i c l e  o f  commerce were s t u d i e d  
e x t e n s i v e l y .  
ox ide  c o n t a i n i n g  m a t e r i a l  ob ta ined  f rom aluminum manufacture) t o  feed  s l u r r y  
improved coa l  l i q u e f a c t i o n . ( l 3 )  Numerous researchers  who have s t u d i e d  t h e  
c a t a l y t i c  a c t i v i t y  o f  i r o n  as e i t h e r  i r o n  p y r i t e  o r  p y r r h o t i t e  i n  l i q u e f a c t i o n  
have r e p o r t e d  improved resu l t s . (14 -22 )  

Therefore,  t h e  presence o f  

The Germans found t h a t  add ing  i r o n  s u l f a t e  and Bayermasse ( i o r n  
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Like iron, molybdenum and several other transition metal have been shown to 
catalyze Coal liquefac~ion.(l3,23,~4,25,26) Since transition metals are both 
expensive and scarce, their application in liquefaction will depend greatly on 

shown to be very active in coal liquefaction at very low concentrations.(l3.25,26) 
I their activity at low concentrations. Interestingly, several metals have been 

In the present paper, the activity of iron, molybdenum, cobalt, and nickel in 
catalyzing the liquefaction of coal is discussed. 
be related to the product distribution which will include hydrocarbon gas 
make, oil yield, asphaltene and preasphaltene yields, and degree of coal 
conversion. 
All the data reported in this paper refer to results in a continuous 100 
pounds per day coal process unit. 

Experimental Section 

Materials. A low-ash, low-pyrite Eastern Kentucky Elkhorn #2 coal obtained 
from a mine in Letcher County was used in the study. 
in a coal preparation plant to reduce the ash and pyrite contents. This 
sample was purposely selected to minimize.the influence of the coal ash and 
pyrite on the liquefaction. The coal sample was ground to 95% minus 200 mesh 
particles, dried in air and screened through a 150 mesh sieve prior to use. 
The detailed analysis of the screened coal is reported in Table 1. 

SRC-I1 heavy distillate supplied by the Pittsburg and Midway Coal Mining 
Company was used as a process solvent. 
solvent is shown in Table 2. 
oils, 5.0% asphaltenes, 0.4% preasphaltenes, and 0.8% insoluble organic 
material (pyridine insolubles). The process solvent contained organic 
compounds boiling in the range of 550 to 85OOF temperature. 

Iron sulfate (FeS04.7H 0) was received from Textile Chemical Company, Reading, 
Pennsylvania. 
and minor quantities of iron oxide, titanium dioxide and magneisum sulfate as 
impurities. Ammonium molybdate, nickel nitrate, and cobalt nitrate were 
reagent grade materials obtained from Fischer Scientific Company, Fair Lawn, 
New Jersey. 

Metals Impregnation. A sample of coal was impregnated with 1% iron by adding 
a 10.0% ferrous sulfate solution in distilled water to ground coal. Three 
different samples of coal were impregnated with 0.02% molybdenum, nickel, and 
cobalt by mixing the samples with 0.5% ammonium molybdate, nickel nitrate and 
cobalt nitrate solutions, respectively. Since molybdenum, nickel, and cobalt 
are very expensive compared to iron, very low concentrations (200 ppm) of 
these metals based on coal were used. Another sample of coal was impregnated 
simultaneously with a mixture of 1 wt.% iron and 0.02 wt.% molybdenum based on 
coal. The impregnated coal samples were dried at 6OoC for 72 hours and ground 
under nitrogen before use in liquefaction experiments. 

Equipment. 
liquefaction unit equipped with a continuous stirred autoclave. The use of a 
stirred tank reactor ensured that solvent vaporization matched that of an 
actual coal liquefaction dissolver and that coal minerals did not accumulate. 

The catalytic activity will 

The effect of iron and molybdenum mixtures was also studied. 

The sample was treated 

The chemical analysis of the process 
The solvent contained 93.8% pentane-soluble 

The samble contained approximately 97% iron sulfate cyrstals 

Process studies were done in a continuous 100 pound/day coal 
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Since the re  was no s l u r r y  p rehea te r ,  a l l  o f  t h e  s e n s i b l e  hea t  was p r o v i d e d  by 
r e s i s t a n c e  hea te rs  on t h e  r e a c t o r .  Because o f  t h i s  h i g h  hea t  f l u x ,  t h e  r e a c t o r  
w a l l  was about  27'F h o t t e r  t han  t h e  b u l k  s l u r r y .  M u l t i p l e  thermocouples 
revealed t h a t  t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  9 O F  
f rom top t o  bottom. 
elsewhere. (27) 

The products  were quenched t o  32OoF b e f o r e  f l o w i n g  t o  a g a d l i q u i d  separa to r  
t h a t  was opera ted  a t  system pressure.  
p roduc t  r e c e i v e r  w h i l e  t h e  p r o d u c t  gases were c o o l e d  t o  recove r  t h e  p roduc t  
water  and o rgan ic  condensate. 
o n - l i n e  gas chromatograph. 

Procedure. Coal l i q u e f a c t i c n  runs Were per formed a t  825OF, 2,000 p s i g  
hydrogen p ressu re ,  1,000 rpm s t i r r e r  speed, hydrogen feed  r a t e  e q u i v a l e n t  t o  
5.5 w t .  % o f  c o a l ,  and a s u p e r f i c i a l  s l u r r y  space v e l o c i t y  o f  1.5 i n v e r s e  
hours. The coa l  c o n c e n t r a t i o n  i n  t h e  feed was 30 wt .%.  

A t  l e a s t  10 r e a c t o r  volumes o f  t h e  p roduc t  were d i sca rded  p r i o r  t o  c o l l e c t i n g  
a p roduc t  sample. A complete sample c o n s i s t e d  o f  one 8-02 p roduc t  s l u r r y ,  one 
1-L product  s l u r r y  as back-up sample, a l i g h t  condensate sample, and a p r o d u c t  
gas sample. 

The product  s l u r r y  from t h e  cont inuous r e a c t o r  was s o l v e n t  separated i n t o  f o u r  
f r a c t i o n s :  (1)  pen tane-so lub le  m a t e r i a l  ( o i l ) ,  (2) pen tane- inso lub le  and 
benzene-soluble m a t e r i a l  (aspha l tene ) ,  ( 3 )  benzene- insolub le and p y r d i n e - s o l u b l e  
m a t e r i a l  (preasphal tene) ,  and (4 )  p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The l a t t e r  
c o n t a i n s  i n s o l u b l e  o rgan ic  m a t e r i a l  ( IOM)  and m i n e r a l  res idue .  The o v e r a l l  
coa l  convers ion i s  c a l c u l a t e d  as t h e  f r a c t i o n  o f  o:ganic m a t e r i a l  (mois ture-ash-  
f r e e  c o a l )  s o l u b l e  i n  p y r i d i n e .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e a c t o r  i s  p resen ted  

The s l u r r y  was t h r o t t l e d  i n t o  t h e  

The p r o d u c t  gases were t h e n  analyzed by an 

Resu l t s  and D iscuss ion  

E f f e c t  o f  T r a n s i t i o n  Meta ls  - The impregna t ion  o f  E l kho rn  #2 coa l  w i t h  1 w t . %  
i r o n  had no e f f e c t  on o v e r a l l  coa l  conve rs ion  b u t  i nc reased  
o f  o i l s  f r o m  12 t o  25% (Table 3). 
w i t h  i r o n ;  t h e  decrease i n  t h e  p r o d u c t i o n  o f  hydrocarbon gases i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h i s  l e v e l .  
w i t h  i r o n  impregnat ion.  The preasphal tene c o n c e n t r a t i o n  decreased from 44 t o  
36% w i t h  i ron impregnat ion.  Hydrogen consumption based on e lementa l  hydrogen 
balance decreased from 0.6 t o  0.4 p e r c e n t  w i t h  i r o n  impregnat ion.  

The hydrogen con ten ts  o f  t h e  o i l ,  aspha l tene  and p reaspha l tene  f r a c t i o n s  were 
lower  w i t h  i r o n  impregna t ion  compared t o  t h e  b a s e l i n e  run  (Tab le  4). 
t h e  d ispersed i r o n  system was n o t  e f f e c t i v e  i n  hyd rogena t ing  t h e  l i q u e f a c t i o n  
p roduc ts .  Th is  would be advantageous i n  t h a t  expensive hydrogen would n o t  
wasted i n  hydrogenat ing SRC (asphal tenes and p reaspha l tenes ) ,  which would be 
used u l t i m a t e l y  as a b o i l e r  f u e l .  The SRC s u l f u r  c o n t e n t  was unchanged w i t h  
i r o n  impregnat ion.  L ikewise,  t h e  s u l f u r  con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  
were una f fec ted  w i t h  i r o n  (Table 4). 
f r a c t i o n s  decreased s l i g h t l y ,  whereas i t  increased i n  t h e  preasphal tene 
f r a c t i o n .  

t h e  p r o d u c t i o n  
The p r o d u c t i o n  o f  hydrocarbon gases decreased 

The p r o d u c t i o n  o f  heteroatom gases changed m a r g i n a l l y  

Apparen t l y  

N i t r o g e n  c o n t e n t  i n  t h e  o i l  and asphal tene 

The oxygen c o n t e n t  o f  o i l s  decreased s l i g h t l y ,  b u t  i t  increased 
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s i g n i f i c a n t l y  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  w i t h  i r o n  impregnat ion.  
No d e f i n i t e  conc lus ion  cou ld  be drawn concern ing deoxygenat ion because oxygen 
con ten t  was determined by d i f f e r e n c e .  

The hydrogen d i s t r i b u t i o n  i n  t h e  s o l v e n t  generated by coa l  l i q u e f a c t i o n  was 
determined by p r o t o n  NMR t o  determine the  changes i n  s o l v e n t  q u a l i t y  by i r o n  
impregnat ion.  
terms o f  the combined concen t ra t i on  o f  H and H . The h i g h e r  t h e  combined 
concen t ra t i on  of  H and H , t h e  b e t t e r  w h l d  be'the q u a l i t y  o f  t h e  process 
so l ven t .  
s o l v e n t  generated w i t h  no c a t a l y s t  and w i t h  i r o n  was lower  than t h a t  o f  t h e  
o r i g i n a l  process so l ven t .  The a romat i c  hydrogen con ten t  o f  s o l v e n t  increased 
w i t h  b o t h  no c a t a l y s t  and w i t h  i r o n .  However, t h e  i nc rease  i n  a romat i c  hydrogen 
con ten t  was more dramat ic  w i t h  i r o n .  The decrease i n  the  q u a l i t y  o f  t h e  
s o l v e n t  generated w i t h  i r o n  was c o n t r a r y  t o  t h e  s p e c u l a t i o n  made b y  seve ra l  
researchers t h a t  m ine ra l  m a t t e r  improved c o a l  l i q u e f a c t i o n  by enhancing hydrogen 
t r a n s f e r  from gas t o  l i q u i d .  I n  terms o f  a c t u a l  p l a n t  ope ra t i on ,  a decrease 
i n  so l ven t  q u a l i t y  means a decrease i n  t h e  l i q u e f a c t i o n  performance. Therefore,  
t h e  generated s o l v e n t  has t o  be hydrogenated e x t e r n a l l y  t o  i nc rease  i t s  hydrogen 
donor c a p a b i l i t y  and t o  m a i n t a i n  t h e  l i q u e f a c t i o n  performance o f  t h e  i r o n  

I 

The hydrogen donor c a p a b i l i t y  o f  a s o l v e n t  was measured i n  

Data i n  Table 5'revealed t h a t  t h e  hydrogen donor c a p a b i l i t y  o f  t h e  

c a t a l y s t .  

The impregnat ion o f  coa l  w i t h  0.02 w t . %  (200 ppm) c o b a l t  and molybdenum inc reased  
t h e  coa l  convers ion s l i g h t l y .  The magnitude o f  t h e  i nc rease  i n  coa l  conve rs ion  
was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  1 w t . %  i r o n  (Table 3) .  The coa l  convers ion,  
however, decreased w i t h  n i c k e l  impregnat ion.  The p r o d u c t i o n  o f  o i l s  increased 
s i g n i f i c a n t l y  from 12 t o  20-21% w i t h  c o b a l t ,  n i c k e l ,  and molybdenum. The 
inc rease  was s l i g h t l y  lower  than t h a t  ob ta ined  w i t h  i r o n .  
hydrocarbon gases was h i g h e r  w i t h  c o b a l t ,  n i c k e l  and molybdenum than  i r o n  b u t  
s t i l l  lower than t h e  b a s e - l i n e  run.  Preasphal tenes convers ion  i nc reased  w i t h  
c o b a l t ,  n i c k e l ,  and molybdenum, b u t  i t  was much lower  than  t h a t  noted w i t h  
i r o n .  Asphaltenes y i e l d  was s l i g h t l y  l ower  w i t h  c o b a l t ,  n i c k e l ,  and molybdenum 
than  i r o n ;  asphal tene c o n c e n t r a t i o n  decreased f rom 21 t o  18 w i t h  c o b a l t ,  
n i c k e l ,  and molybdenum, whereas it decreased t o  19 p e r c e n t  w i t h  i r o n .  

Hydrogen consumption based on e lementa l  hydrogen balance was lower  w i t h  c o b a l t ,  
n i c k e l  and molybdenum compared t o  b a s e l i n e  r u n  (Table 3). 
consumption was due t o  lower  p r o d u c t i o n  of  hydrocarbon gases and lower  hydrogen 
con ten ts  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  (Table 4).  L i k e  i r o n ,  
o t h e r  meta ls  were a l s o  found t o  be i n e f f e c t i v e  i n  hyd rogena t ing  asphal tenes 
and preasphal tenes.  N i t r o g e n  and s u l f u r  con ten ts  i n  v a r i o u s  f r a c t i o n s  were 
v e r y  s i m i l a r  w i t h  and w i t h o u t  meta ls .  
ob ta ined  w i t h  meta ls  were s i m i l a r  t o  t h e  base - l i ne  r u n  except  f o r  n i c k e l  
(Table 4). 

The q u a l i t y  o f  s o l v e n t  generated wi th  c o b a l t ,  n i c k e l  and molybdenum was h i g h e r  
than  t h a t  generated e i t h e r  w i t h  i r o n  o r  w i t h o u t  me ta l s  (Table 5). The concen- 
t r a t i o n  o f  HAR decreased and t h a t  o f  H 
w i t h  c o b a l t ,  n i c k e l  and molybdenum. 
s o l v e n t  i s  an i n d i c a t i v e  o f  enhancement o f  hydrogen t r a n s f e r  f rom gas t o  
l i q u i d  phase w i t h  c o b a l t ,  n i c k e l  and molybdenum c a t a l y s t s .  

The p r o d u c t i o n  o f  

Lower hydrogen 

The hydrogen con ten ts  o f  t h e  o i l  f r a c t i o n s  

and H e i t h e r  i nc reased  o r  ma in ta ined  
Tfie i nc rgase  i n  t h e  q u a l i t y  o f  generated 
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The above d i s c u s s i o n  showed t h a t  the impregna t ion  o f  E l kho rn  #2 coa l  w i t h  
meta ls  s i g n i f i c a n t l y  i nc reased  o i l s  p r o d u c t i o n ,  i nc reased  preasphal tene 
convers ion and decreased hydrocarbon gas make. The me ta l s ,  however, d i d  n o t  
change SRC s u l f u r  con ten t .  

Comparing t h e  a c t i v i t y  o f  i r o n  t o  t h a t  o f  o t h e r  me ta l s ,  i t  was found t h a t  i r o n  
impregnat ion y i e l d e d  h i g h e r  o i l s  p r o d u c t i o n  and preasphal tenes convers ion than 
o t h e r  metals. However, o t h e r  me ta l s  were more a c t i v e  i n  asphal tenes convers ion 
than  i ron .  The hydrogen c o n t e n t  o f  generated s o l v e n t  decreased w i t h  i r o n  and 
n i c k e l ,  whereas it was ma in ta ined  w i t h  c o b a l t  and molybdenum. The q u a l i t y  o f  
generated s o l v e n t  decreased w i t h  i r o n ,  b u t  i t  inc reased  w i t h  o t h e r  meta ls .  

i n t e r a c t i o n  o f  Me ta l s  i n  Coal L i q u e f a c t i o n  - To u t i l i z e  t h e  s e l e c t i v e  a c t i v i t y  
o f  i r o n  f o r  t h e  convers ion o f  preasphal tenes and o f  o t h e r  me ta l s  f o r  t h e  
convers ion o f  asphal tenes,  a sample o f  coa l  impregnated s imu l taneous ly  w i t h  
i r o n  and molybdenum was l i q u e f i e d .  The convers ion  o f  b o t h  asphal tenes and 
preasphal tenes i nc reased  w i t h  iron/rnolybdenum m i x t u r e  compared t o  i r o n  and 
molybdenum a lone  (Table 6). I n  a d d i t i o n ,  o i l s  p r o d u c t i o n  i nc reased  s i g n i f i c a n t l y  
w i t h  t h e  m i x t u r e  compared t o  i r o n  and molybdenum alone.  I r o n  and molybdenum 
t o g e t h e r  n o t  o n l y  i nc reased  o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes 
convers ion b u t  a l s o  s i g n i f i c a n t l y  i nc reased  t h e  o v e r a l l  coa l  convers ion f rom 
87 t o  91%. 
e i t h e r  alone. 
w i t h i n  the  l i m i t s  o f  expe r imen ta l  e r r o r .  These inc rease  i n  coa l  convers ion,  
o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes convers ion  i n d i c a t e d  a 
s i g n i f i c a n t  s y n e r g i s t i c  e f f e c t  o f  t h e  two meta ls .  

Hydrogen consumption w i t h  t h e  iron/molybdenum m i x t u r e  was h i g h e r  than  molybdenum 
and i r o n  a lone (Table 6). The hydrogen c o n t e n t  o f  t h e  v a r i o u s  f r a c t i o n s  generated 
w i t h  iron/molybdenum m i x t u r e  was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  i r o n  and 
molybdenum a lone  (Table 7) .  
n i t r o g e n  and oxygen con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  generated w i t h  i r o n  and 
molybdenum a lone  o r  used t o g e t h e r  except  f o r  s l i g h t l y  lower  n i t r o g e n  con ten t  
no ted  i n  preasphal tene f r a c t i o n  o b t a i n e d  w i t h  iron/molybdenum mix tu re .  The 
q u a l i t y  o f  s o l v e n t  generated w i t h  iron/molybdenum m i x t u r e  was h i g h e r  than  i r o n  
a lone,  b u t  was lower  than  t h a t  ob ta ined  w i th  molybdenum a lone  (Table 8). 

The above d i scuss ion  shows t h a t  a synergism e x i s t s  between i r o n  and molybdenum 
i n  t h e  c a t a l y s i s  o f  coa l  l i q u e f a c t i o n  r e a c t i o n .  
e f f e c t i v e l y  u t i l i z e d  t o  i nc rease  t h e  o i l s  p r o d u c t i o n  and t h e  convers ion  o f  
asphal tenes and preasphal tenes.  Fur thermore,  t h e  i nc rease  i n  o i l  p r o d u c t i o n  
can  be ob ta ined  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  hydrogen consumption by 
t a k i n g  advantage o f  s y n e r g i s t i c  e f f e c t .  
bdenum, however, i s  i n e f f e c t i v e  i n  reduc ing  SRC s u l f u r  content .  

The p r o d u c t i o n  o f  hydrocarbon gas was lower  w i t h  m i x t u r e  than  
The SRC s u l f u r  c o n t e n t  changed s l i g h t l y ,  b u t  t h e  change was 

No s i g n i f i c a n t  d i f f e r e n c e s  were noted i n  t h e  

T h i s  synergism can be 

The comb ina t ion  o f  i r o n  and moly- 

Conc lus ion  

The impregnat ion o f  coa l  w i t h  t r a n s i t i o n  me ta l s  l i k e  i r o n ,  c o b a l t ,  n i c k e l ,  and 
molybdenum increases t h e  o i l s  p r o d u c t i o n  by i n c r e a s i n g  t h e  asphal tenes and 
preasphal tenes convers ion.  Me ta l s  impregna t ion  a l s o  h e l p  i n  improv ing  o v e r a l l  
c o a l  convers ion excep t  f o r  n i c k e l .  
w i t h  meta ls .  L i kew ise ,  hydrogen consumption decreases w i t h  meta ls .  I r o n  i s  
more a c t i v e  f o r  t h e  convers ion  o f  preasphal tenes and t h e  p r o d u c t i o n  o f  o i l s  
t h a n  o t h e r  metals, where. s it i s  l e s s  a c t i v e  f o r  t h e  convers ion  o f  asphaltenes. 

The p r o d u c t i o n  o f  hydrocarbon gases decreases 
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These d i f f e r e n c e s  may p a r t l y  be due t o  t h e  use o f  h i g h e r  concen t ra t i on  o f  i r o n  
than o t h e r  metals.  Since i r o n  i s  r a t h e r  inexpens ive  compared t o  o t h e r  meta ls ,  
i t  i s  economical ly f e a s b i b l e  t o  use h i g h e r  c o n c e n t r a t i o n .  On t h e  o t h e r  hand, 
i t  i s  n o t  economica l l y  f e a s i b l e  t o  use h i g h e r  concen t ra t i on  ( g r e a t e r  than 200 
ppm) o f  o t h e r  metals.  Simultaneous impregnat ion  o f  c o a l  w i t h  i r o n  and molybdenum 
shows s i g n i f i c a n t  synergism i n  c o a l  l i q u e f a c t i o n .  The convers ion  o f  c o a l ,  
asphal tenes, and preasphal tenes and the  p roduc t i on  o f  o i l s  a r e  much g r e a t e r  
w i t h  iron/molybdenum m i x t u r e  than e i t h e r  o f  them alone. The m i x t u r e  a l s o  
r e s u l t s  i n  lower hydrocarbon gas make than i r o n  and molybdenum alone. The 

I m i x t u r e ,  however, i s  i n e f f e c t i v e  i n  reduc ing  t h e  SRC s u l f u r  con ten t .  
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Table I 

Chemical Analyr i5 o f  Elkhorn X2 Coal Sample 

weight % 

Carbon 77.84 
Hydrogen 5.24 
Oxygen 7.20 
Su l fu r  1 .  08 
Ni t rogen 1.75 

Moisture 
Dry Ash 

1.55 
6.29 

O i s t r i b u t i o n  o f  Su l fu r  

Total  1.08 
Su l fa te  0.04 
P y r i t e  ' 0.25 
Organic 0.79 

Table 2 

Analysis o f  SRC-I1 Heavy O i s t i l l a t e  

Element Weight % 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Su l fu r  

89.4 
7.2 
1.7 
1 . 1  
0.6 

Table 3 

E f f e c t  o f  T r a n s i t i o n  Metals on Coal L ique fac t i on  

Ca ta l ys t  None 
Metal Concentration, 

Feed Composition 
Temperature. 'F 825 
Pressure. p s i g  2,000 
Hydrogen F l o w  Rate, MSCF/T 18.9 
Reaction Time. Mi " .  35 

Product D i s t r i b u t i o n .  ut.% MAF Coal 

ut.% Coal 

nc 5.2 
co. co2 0 .7  
H S  0.3 

Asphaltenes 21.2 
Preasphaltenes 44.2 
I.O.M. 14.7 
Water 1.5 
Conversion 85.3 

0 6 s  12.2 

Hydrogen Consumption. 

SRC Su l fu r .  X 
W t . %  MAF Coal 0.64 

0.6 

I r o n  Cobalt  

1 .0  0.02 
70x Solvent + 30% Coal 

825 825 
2,000 2,000 

20.6 23.8 
32.8 36.7 

3.5 3.8 
0.6 0.7 
0.2 0.4 

25.0 21.5 
i s .  1 17.7 
35.8 40.2 
13.5 14.3 
2.3 1.4 

86.5 85.7 

0.40 0.39 
0.6 0.6 

8 

N icke l  

0.02 

825 
2,000 

23.8 
37 

4.8 
0.7 
0.6 

20.0 
17.0 
38.5 
1 6 . 5  

1 . 9  
83.7 

0.33 
0.5 

Molybdenum 

0.02 

825 
2,000 

23.7 
36 .5  

4 .1 
0.7 
0 .6  

21.7 
17 .6  
40.3 
13. 7 

1.8 
86.8 

0.40 
0.6 



Table J 

D i s t r i b u t i o n  o f  Elements i n  Various L ique fac t i on  Reac:ion F rac t i ons  

Ca ta l ys t  None 

O i l  F rac t i on ,  ut.$ 

C 
H 

N 
5 

Oa 

Asphaltene F rac t i on .  wt.X 

L 
H 

N 
5 

Oa 

Preasphal tene F Pact ion,  v t .  P. 

C 
H 

N 
s 
O a  

89.5 
7 .2  
1 . 7  
0 .9  
0.7 

8 5 . 9  
6 . 3  
4 .8  
2.4 
0 .6  

85.3 
5.2 
6.2 
2.2 
0 . 6  

I r o n  

89 .9  
7. 1 
1.5 
0.8 
0 . 7  

85.6  
6 . 0  
5 5  
2.4 
0 .5  

82.9 
4.9 
8.9 
2.6 
0 . 1  

Cooalt  N icke l  Molybdenum 

89 6 89.8  89.5 
7.2 7 . 1  7 . 2  
1.7 1 .7  1.7 
0.8 0 . 8  0.9 
0 . 7  0.5 0.7 

85.6 85 .0  85.3 
5.8 5.9 5.9 
5 .7  6.2 6.0 
2.3 2.4 2 .2  
0 .6  0.5 0. 6 

83.5 83.6 83.4 
4 . 7  4.6 5. I 
8.9 9.0 8.3 
2.3 2.3 2.6 
0 . 6  0 5  0 .6  

a Oxygen i s  determined by d i f f e rence  

Table 5 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F r a c t i o n  

Process Generated Solvent 

Ca ta l ys t  Solvent None I r o n  Cobalt  N icke l  Molybdenum 

Total Hydrogen. w t . %  7 . 2  7.2 7. I 7 . 2  7.  I 7.1 

3.20 3 .26  3.64 2.90 2.88 2.75  

2 . 0 2  1.95 1.80 2.12  2.24 2.32  

1.98 1.99 1.66 2.18 1.97 2. I3  

“AR 

Ha 

tiAR concen t ra t i on  o f  aromat ic protons 

Ha 

Ho 

= concen t ra t i on  o f  a lpha protons d e f i n e d  as protons on carbon atoms immediately 
adjacent t o  an aromatic r i ng .  

= c o n c e n t r a t i o n  O f  beta and h ighe r  p ro tons  de f i ned  as those protons res id ing  
on two o r  more carbon atoms removed from an aromat ic r i n g .  

9 
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Table 6 

Synerg i s t i c  E f f e c t  i n  Coal L ique fac t i on  

Cata lyst  I r o n  Molybdenum 
Metal Concentration. 1.0 0.02 

w t . Z  coal  
Feed Composition 70% Solvent f 30% Coal 
Temperature. O F  825 825 

Hydrogen Flow Rate. MSCF/T 20.6 23.7 
Reaction Time, Mi" 32.8 36.5 
Product O i s t r i b u t i o n .  u t .% MAF Coal 

HC 3.5 4.1 

Pressure, p s i g  2,000 2,000 

co .  co2 

H2S 
O i l s  
Asphaltenes 
Preasphaltenes 
I . O . M .  
Water 
Conversion 

Hydrogen Consumption. 

SRC S u l f u r ,  I 
w t . %  MAF Coal 

0 .6  

0 . 2  

2 5 . 0  
19.1 

35.8 
13.5 
2. 3 
85.6 

0.4 
0.6 

0.7 

0 .6  

2 1 . 7  
17.6 
40.3 
13.7 

1.8 
86.8 

0.40 
0.6 

I r o n  + Molybdenum 
1.0  i r o n  + 0.02 

molybdenum 

825 
2.000 

23.4 
37.2 

3.1 
0. 7 
0.6 

36. 3 
15.2 
33.0 
9.3 
1.8 

90.7 

0.59 
0. 7 

Table 7 

D i s t r i b u t i o n  of  Elements i n  Various L ique fac t i on  F rac t i ons  

Ca ta l ys t  I r o n  Molybdenum I r o n  Molybdenum 
O i l  Fract ion.  X 

C 
H 
Oa 
N 
S 

89.9 89.5 ~~ ~ 

7.1 7.2 
1.5 1.7 
0.8 0.9 
0.7 0.7 

Asphaltene F rac t i on ,  X 
C 85.6 
H 6.0 

N 2.4 
S 0.5 

Oa 5 . 5  

Preasphaltene Fract ion,  X 
C 82.9 

4.9 
8.9 

N 2.6 
S 0.7 

a Oxygen i s  determined by  d i f f e r e n c e  

85.3 
5.9 
6.0 
2.2 
0.6 

83.4 
5.1 
8.3 
2.6 
0.6 

89.8 
7.2 
1.6 
0.8 
0.6 

85.1 
5.9 
6.0 
2.4 
0.6 

83.7 
4.9 
8.4 
2.3 
0.7 

Table 8 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i on  

Ca ta l ys t  I r o n  Molybdenum I r o n  + Molybdenum 
Tota l  Hydrogen, wt.X 7 .1  7.2 7.2 

"AR 3.64 2.75 2.92 

"a 

HO 

1.80 2.32 
1.66 2. 13 

10 

2. I5 
2. 13 
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DISPOSABLE CATALYSTS IN TWO-STAGE COAL LIQUEFACTION 

S.B. Reddy Karri and V . K .  Mathur" 

Department of Chemical Engineering 
University of New Hampshire 

Durham, NH 03824 

Introduction 

In Two Stage Liquefaction, coal is dissolved and partially hydrogenated 

The unreacted coal and ash are removed by antisolvent deashing and the 
in the short contact time first stage t is ing process derived solvent as vehicle 
o i : .  
product oil is upgraded in a separate catalytic reactor (Stage 11). 
scheme is proposed as a means of converting coal to distillate with higher 
yield, reduction in hydrogen consumption, and minimal catalyst poisoning since 
no catalyst is used in the first stage. A number of papers have been published 
discussing various aspects of this technique (1,2,3,4,5). 

of bauxite, limonite, and molybdenum ore concentrate is added to the first 
stage and its effect on the yield and quality of the product oil from the 
second stage is studied. 

This 

In this investigation a disposable ore catalyst consisting of a mixture 

Rationale for the Use o f  Ores as Catalysts 

Our research work (6,7) as well as a literature review reveals that 
cobalt and molybdenum are eminently suited catalysts for hydrogenation and 
hydrodesulfurization of coal, whereas nickel and molybdenum are good for 
hydrodenitrogenation. Other metals like iron, copper, tin, zinc, platinum, 
and tungston have also been found to be effective in coal liquefaction (8). 
The most inexpensive sources of these metals are their ores where they are 
present mostly as sufides or oxides. 

A number of researchers (9,lO) have shown iron pyrites to be an effective 
catalyst in coal liquefaction. Our earlier studies (11,12,13) have shown that 
mixtures of iron pyrites and minerals containing other catalytic active transi- 
tion metals were better liquefaction catalysts than iron pyrites alone. The 
best ore catalysts tested, in terms of high liquid yield and low product oil 
viscosities, were mixtures of pyrites, molybdenum ore concentrate, and cobalt- 
containing ores. 

In this study an acid treated (14) mixture of bauxite, limonite and 
molybdenum ore concentrate was used as a disposable catalyst in the first 
stage. In the second stage a commercial supported nickel-molybdenum catalyst 
was used for hydroprocessing. 

*Inquiries should be addressed to this author. 
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\ M a t e r i a l s ,  Experimental Equipment, and Exper imenta l  Procedure 

The major  m a t e r i a l s  used i n  t h i s  s tudy c o n s i s t e d  o f  b i tuminous coa l ,  a 
coa l -de r i ved  heavy d i s t i l l a t e ,  and a d isposable o re  c a t a l y s t .  B i tminous coa l  
from t h e  B l a c k s v i l l e  No. 2 mine, West V i r g i n i a  ( P i t t s b u r g h  seam) whose p r o x i -  
mate and u l t i m a t e  analyses a r e  presented i n  Table I r a s  used. The v e h i c l e  o i l  
was d i s t i l l a t e  w i t h  a b o i l i n g  range 232-455OC produced a t  . t he  F t .  Lewis p i l o t  
P l a n t  running i n  t h e  S R C - I 1  mode. 

A mix tu re  o f  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and molybdenum o re  concen- 
t r a t e  (analyses o f  ores g i v e n  i n  Table 11) was used as a d i sposab le  c a t a l y s t  
i n  Stage I .  A commerc ia l ly  a v a i l a b l e  suppor ted Ni-Mo-alumina c a t a l y s t  from 
American Cynamid Co. (HDS-3) was used as a hydroprocess ing c a t a l y s t  f o r  t h e  
Stage 11. The c a t a l y s t  and coa l  used were ground t o  minus 200 mesh. Hydrogen 
gas o f  > 99.95% p u r i t y  was used. 

Experimental Equipment 

p laced  i n  a h igh  p ressu re  i n t e r n a l l y  s t i r r e d  au toc lave  o f  one l i t e r  capac i t y .  
The experiments were c a r r i e d  o u t  a t  a s t i r r e r  speed o f  1000 rpm. 
was p rov ided  w i t h  a c o o l i n g  c o i l  t h rough  which water  cou ld  be passed t o  reduce 
the  r e a c t i o n  temperature i f  so des i red .  The au toc lave  had an e l e c t r i c  furnace 
c o n t r o l l e d  w i t h  a p r o p o r t i o n a l  temperature c o n t r o l l e r .  The temperature o f  t he  
r e a c t i o n  mass was c o n t i n u o u s l y  mon i to red  by a temperature recorder .  
t he  autoc lave was p rov ided  w i t h  a thermowel l ,  a pressure gauge, a ven t ,  a 
sampling va l ve ,  and a s a f e t y  r u p t u r e  d i s c .  
t h e  autoc lave w i t h  hydrogen. 

The hydrogenat ion r e a c t i o n  was c a r r i e d  o u t  i n  a s t a i n l e s s  s t e e l  l i n e r  

The au toc lave  

I n  a d d i t i o n ,  

A compressor was used t o  p r e s s u r i z e  

Experimental Procedure 

Each o f  the exper imenta l  runs c o n s i s t e d  o f  two stages. I n  t h e  f i r s t ,  
SRC-11 d i s t i l l a t e  was used as the  v e h i c l e  w h i l e  i n  t h e  second, t h e  l i q u i d  
p roduc t  from the f i r s t  s tage was used ins tead .  
approximate the  use o f  p roduc t  o i l  f rom t h e  Stage I f o r  hydroprocess ing i n  
Stage 11. 

l i n e r .  About 83.6 gms o f  S R C - I 1  d i s t i l l a t e  ( i n  app rox ima te l y  1 : Z . l  r a t i o )  
were then  added t o  t h e  l i n e r .  
c a t a l y s t  was next  added t o  t h e  con ten ts  o f  t h e  l i n e r .  
was f i t t e d  onto t h e  au toc lave  and secu re l y  b o l t e d .  A f t e r  t e s t i n g  f o r  leakage, 
t h e  autoc lave was purged w i t h  hydrogen. 
determined va lue so t h a t  a pressure o f  about 2000 p s i g  (13.79 MPa) was reached 
a t  t h e  r e a c t i o n  temperature. The hea t ing  was i n i t i a t e d  t h e r e a f t e r .  I t  u s u a l l y  
t ook  65-70 minutes t o  heat  t h e  au toc lave  and i t s  con ten ts  f rom room temperature 
t o  r e a c t i o n  temperature. 
p e r i o d  of t ime.  
d u r i n g  t h i s  pe r iod .  
a r r e s t e d  by t u r n i n g  o f f  t h e  power t o  t h e  furnace and c o o l i n g  the  con ten ts  down 
r a p i d l y  by pass ing c o l d  water  through the  c o o l i n g  c o i l .  
a l l owed  t o  coo l  down t o  room temperature by l e a v i n g  i t  ove rn igh t .  The l i q u e -  

Th is  pro$edure was f o l l o w e d  t o  

Stage I L ique fac t i on :  F o r t y  grams o f  crushed coa l  were p laced  i n  t h e  

A pre-determined amount o f  t h e  d i sposab le  ore 
The s t i r r e r  assembly 

I t  was then  p ressu r i zed  t o  a p re -  

The r e a c t i o n  was then  a l l owed  t o  proceed f o r  a g i ven  
The temperature was ma in ta ined  a t  t h e  r e a c t i o n  temperature 

A f t e r  t h e  e lapse o f  r e a c t i o n  t ime ,  t h e  r e a c t i o n  was 

The autoc lave was 
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Table I 

Proximate and U l t i m a t e  Analyses of Coal Sample 

Proximate Ana lys i s  
As Recd. Mo is t .  Free M o i s t . ,  Ash Free 

% % % 

Mo is tu re  1.2 
V o l a t i  1 e 35.8 
F ixed Carbon 51.5 
Ash 11.5 

N/A 
36.2 
52.1 
11.7 

N/A 
41.0 
59.0 

N/A 

U l t i m a t e  Ana lys i s  
As Recd. M o i s t .  Free Mo is t . ,  Ash Free 

% % % 

Hydrogen 5.0 
Carbon 72.0 

S u l f u r  2 .7 

Ash 11.5 

N i t rogen  1.0 

Oxygen 7.7 

4.9 
72.9 

1.2 
2.7 
6.7 

11.7 

B t u / l  bm 12,892 13,052 

1. L imoni te  

Table I1 

Minera l  Ores and T h e i r  Percent 

N i  1.1 
Mg 9.8 
A1 1.4 

2. Molybdenum Oxide Mo 47.0 
Concentrate (Moly. Corp.) Fe 2.8 

S i  3.5 
Mg 0.6 
A1 0.6 
S 0.4 

3. Bauxi te  (Canada) 

5.5 
82.5 

1 .4  
3.1 
7.6 
N/A 

Composi t i on 

S i  
Fe 
C r  

Ca 
cu 
Sn 
Zn 
K 

Mn 
N i  
S 
Sn 
T i  
Mo 
Ag 
Na 

0.1 S i  
0.5 Ca 
0.1 co 
0.7 A1 

10.1 C r  
0 .2  cu 
0.1 Fe 
0.6 K 

Mg 

14,776 

16.4 
20.2 
0.5 

0.4 
0.5 
0.4 
0.2 
0.2 

1.9 
0.3 
0 .1  

28.8 
0.3 
0.1 
5.6 
0.3 
0.1 
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f i e d  products  were then  taken  o u t  o f  t he  au toc lave  and h o t  f i l t e r e d  t o  remove 
unconverted coa l ,  ash, and c a t a l y s t .  
weighed and percent  conve rs ion  and l i q u e f a c t i o n  c a l c u l a t e d .  V i s c o s i t y  of the 
p roduc t  l i q u i d  a t  6OoC was determined u s i n g  a B r o o k f i e l d  v iscometer .  

Stage I 1  L ique fac t i on :  
p roduc t  l i q u i d  from t h e  Stage I. 
used f o r  t h i s  stage. 

The f i l t e r e d  l i q u i d  and res idue  were 

The same procedure was repeated u s i n g  f i l t e r e d  
A commercial suppor ted Ni-Mo c a t a l y s t  was 

Resul ts  and Discuss ion 

The main o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  t h e  e f f e c t  o f  
a d d i t i o n  of a d isposable c a t a l y s t  i n  t h e  Stage I on t h e  y i e l d  and q u a l i t y  of 
p roduc t  o i l  from t h e  Stage 11. 
v i s c o s i t y  o f  the p roduc t  o i l s  a r e  presented i n  Table 111. 

The pe rcen t  convers ion,  pe rcen t  o i l  y i e l d  and 

Percent convers ion and l i q u e f a c t i o n  o f  coa l  a re  d e f i n e d  as f o l l o w s :  
Percent Conversion = ( O r i g i n a l  Coal (macf) - 

Percent L i q u e f a c t i o n  = L i q u i d  Products  x 1 0 0 / 0 r i g i n a l  Coal (macf) 
where macf = mo is tu re ,  ash, c a t a l y s t  f r e e  

Residue (macf)] x 1 0 0 / 0 r i g i n a l  Coal (macf) 

Experiments S.N. 1 through 12 show t h e  e f f e c t  o f  a d d i t i o n  o f  a d i sposab le  
c a t a l y s t  t o  Stage I. Experiments were conducted a t  r e a c t i o n  t ime  o f  30, 10, 
and 6.5 minutes f o r  Stage I ,  whereas r e a c t i o n  t ime  f o r  Stage I 1  was kep t  
cons tan t  a t  30 mintues. 
same as mentioned e a r l i e r  under exper imenta l  procedure. I t  was found t h a t  
pe rcen t  coa l  l i q u e f a c t i o n  f o r  a l l  Stage I r e a c t i o n  t ime  was about 10 pe rcen t  
h ighe r  when the  d i sposab le  c a t a l y s t  was used. S i m i l a r l y ,  v i s c o s i t y  o f  p roduc t  
o i l ,  from b o t h  Stage I and 11, was lower  f o r  a l l  Stage I r e a c t i o n  t ime  when 
t h e  d isposable c a t a l y s t  was used. Product  o i l  f rom Stage I 1  showed about 35 
pe rcen t  reduc t i on  i n  v i s c o s i t y  w i t h  the  use o f  o u r  d i sposab le  c a t a l y s t  i n  
Stage I. 

The o t h e r  o p e r a t i n g  c o n d i t i o n s  were mainta ined t h e  

I n  another s e t  o f  experiments S.N. 13 through 16, e f f e c t  o f  r e a c t i o n  
temperature on p roduc t  o i l  v i s c o s i t y  f rom Stage I1 was s tud ied .  Experiments 
were conducted a t  r e a c t i o n  t ime  and temperature o f  30 minutes and 4OOOC i n  
Stage 11, r e s p e c t i v e l y ,  w i t h  and w i t h o u t  t h e  use o f  t h e  d i sposab le  c a t a l y s t  i n  
Stage I. The f i r s t  stage l i q u e f a c t i o n  was conducted a t  r e a c t i o n  t ime  and 
temperature o f  6 . 5  minutes and 425OC, r e s p e c t i v e l y .  
o i l  from Stage I 1  was found t o  be lower  by  o n l y  about  20 pe rcen t  as compared 
t o  35 pe rcen t  i n  e a r l i e r  exper iments S.N.  9 through 12. T h i s  i s  cons idered 
due t o  lower  r e a c t i o n  temperature i n  Stage 11. 

The v i s c o s i t y  o f  p roduc t  

Solvent  ana lys i s  (15) was performed on p roduc t  o i l  f r om Stage I1  f o r  
experiments S.N. 14 and 16. I t  was found t h a t  asphal tene con ten t  (cyclohexane 
i n s o l u b l e s )  o f  p roduc t  o i l  w i t h  no c a t a l y s t  used i n  Stage I was 12.3 a g a i n s t  
8.3 pe rcen t  when l i q u e f a c t i o n  was conducted i n  Stage I i n  presence o f  t h e  
d isposable c a t a l y s t .  Preasphal tene (THF i n s o l u b l e s )  c o n t e n t  was found t o  be 
0.3 pe rcen t  i n  b o t h  the  cases. 
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Conclus ions 

The d isposable c a t a l y s t  c o n t a i n i n g  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and 
molybdenum ore concen t ra te  when used i n  t h e  f i r s t  s tage o f  t h e  Two-Stage 
L i q u e f a c t i o n  process improved t h e  y i e l d  and q u a l i t y  o f  p roduc t  o i l .  
l i q u e f a c t i o n  y i e l d  i n  Stage I increased by  about  10 pe rcen t  w i t h  t h e  use o f  
t h i s  c a t a l y s t .  S i m i l a r l y ,  t he  v i s c o s i t y  o f  p r o d u c t  o i l  from Stage I 1  showed a 
decrease o f  20-35 pe rcen t  when t h e  d i sposab le  o re  c a t a l y s t  was used i n  Stage 
I. 
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